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FOREWORD 

This  publication  contains  edited  versions  of  the  lecture  notes  and  complementary 
discussions  from  the  AGARD  VK!  Lecture  Series  on  "Assessment  of  Lift  Augmentation 
Devices”,  at  the  von  Kantian  Institute  for  Fluid  Dynamics  during  the  week  20-24  April 
1970. 

The  lecture  series  was  designed  to  provide  an  up-to-date  account  of  special  aero¬ 
dynamic  problems  and  applications  of  lift-augmentation  devices:  including  appraisals  of 
the  present  state  of  knowledge,  novel  aerodynamic  advances,  experimental  and  theoretical 
treatments,  applications  for  transport  and  combat  aircraft,  important  areas  lor  research 
and  development.  It  was  primarily  intended  for  aeronautical  engineers  with  a  need  to 
acquire  a  more  adequate  background  on  lift-augmentation  devices.  But  short  discussions 
were  held  after  most  of  the  lectures,  together  with  a  final  Discussion  Seminar,  to  take 
advantage  of  participants  with  specialised  knowledge  as  appropriate. 

The  Course  was  well  supported  as  regards  both  the  number  of  attendees  (about 
100)  and  their  technical  quality.  The  organisation  was  carried  out  under  the  auspices 
and  with  the  support  of  AGARD,  in  collaboration  with  the  von  Karma'n  Institute  who 
had  the  responsibility  for  the  general  administration  and  local  organisation. 

A  special  tribute  must  be  paid  to  the  lecture  staff,  for  the  quality  of  their  presenta¬ 
tions,  the  valuable  analysis  contained  in  their  lecture  notes  provided  for  distribution  during 
the  Course,  and  their  cooperative  participation  in  discussions.  Our  thanks  also  go  to  the 
official  and  private  organisations  through  whose  courtesy  it  was  possible  to  oiler  such 
technical  experts  as  lecturers. 

Paul  E. Colin  John  Williams 

Associate  Director,  Aerodynamics  Department. 

von  Karman  Institute,  Brussels.  Royal  Aircraft  Establishment.  UK. 

The  Course  Directors  and  Editors 


September.  1970 
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SUMMARY 


I  I K'  empirical  correlations  used  in  the  estimation  of  maximum  lift  of  single  aerofoils  are 
described  and  the  use  of  pressure  distribution  calculations  to  augment  these  correlations  is  dis¬ 
cussed.  Examples  are  given  of  Reynolds  Number  and  Mach  Number  on  maximum  lift  at  low 
Mach  Number. 

I'he  use  of  such  correlations  is  extended  to  flapped  aerofoils  by  use  of  a  simple  method 
involving  plotting  maximum  lift  against  lift  increment  due  to  Hap  at  zero  incidence.  This  is 
shown  to  follow  logically  from  a  description  of  the  flow  field  and  its  effect  on  the  boundary 
layer,  Empirical  correlation  for  the  estimation  of  the  lift  increment  u  to  Hap  at  constant 
incidence  is  shown. 

Comments  are  made  on  the  effect  of  various  leading-edge  devices  especially  fixed  leading- 
edge  shape  modifications  and  Handley  Page  slats.  Examples  are  given  of  adverse  interaction 
between  leading-edge  slats  and  trailing-edge  Haps. 

Mechanical  details  of  Hap  support  systems  are  described  and  the  considerations  involved  in 
the  best  choice  lor  various  applications  are  discussed. 

Drag  estimation  at  high  lift  is  discussed  and  attention  drawn  to  the  increasing  difficulty  of 
this  problem,  as  lift  is  increased. 

Finally  the  development  of  satisfactory  stalling  behaviour  in  three  dimensions,  including  the 
use  of  fences  and  spoilers  is  described. 
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lift  coefficient 

incremenl  in  (’L  due  to  flap  at  constant  a  ,  usually  a  =  0 
lift  coefficient  at  stall 

increment  in  CLmax  due  to  high-lift  device 
pressure  coefficient 

momentum  coefficient  of  “blowing”  air 
minimum  for  attached  flow 
aspect-ratio 

wing-lift  curve  slope  in  two-dimensional  potential  flow 
flap-lift  curve  slope  in  two-dimensional  potential  flow 
semi-span 

chord  with  devices  retracted 

flap  chord 

cf/c 

total  head  in  boundary-layer 

free-stream  total  head 

distance  from  surface 

Mach  number 

free-stream  static  pressure 

Reynolds  number 

aerofoil  maximum  thickness 

aerofoil  upper-surface  ordinate  at  5%  chord 

angle  of  incidence  measured  to  datum  chord  of  section  with  devices  closed 
flap  angle 

sweep-back  angle  of  Hinge  Line 
sweep-back  angle  of  Quarter-Chord  Line 
defined  in  text 
defined  in  text 
defined  in  text 

refers  to  quantities  defined  using  chord 

or  area  with  devices  extended  (omitted  when  sense  is  obvious) 
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AERODYNAMICS  OF  MECHANICAL  HIGH-LIFT  DEVICES 


D.M. McRae 


1  INTRODUCTION 

The  purpose  of  this  lecture  is  to  describe  in  fairly  general  terms  the  stalling  of  conventional  aerofoils  and  the 
effects  of  mechanical  high-lift  devices  thereon.  The  factors  affecting  maximum  lift  coefficient  are  discussed  in  the 
context  of  estimation  methods.  Drag  is  also  discussed. 

2.  SIMPLE  AEROFOILS 

Various  empirical  correlations  of  maximum  lift  coefficient  of  aerofoils  have  been  made  in  the  past.  The  classic- 
works  of  this  nature  centred  on  the  era  1936  to  1946,  a  time  when  the  calculation  of  potential  flow  pressure  distribu¬ 
tions  was  not  generally  possible  for  “the  average  aerodynamicist”.  At  the  end  of  this  period  the  potential  flow 
pressure  distributions  were  however  available  for  the  NACA  aerofoils,  tests  of  which  formed  the  main  part  of  the 
empirical  data.  Nevertheless  the  most  successful  correlations  were  in  terms  of  simple  geometric  parameters  rather 
than  in  terms  of  pressure  distributions.  Some  of  the  most  significant  of  these  empirical  analyses  are  those  of 
References  1  and  2. 

Dating  from  about  10  years  later,  Reference  3  by  Gault  gives  a  classification  of  the  three  main  classes  of  stalling 
behaviour  which,  for  conventional  aerofoils,  has  not  been  improved  upon.  The  omission  of  any  mention  of  Mach 
number,  even  though  all  the  data  is  probably  for  Mach  number  less  than  about  0.18,  is  a  feature  which  may  be 
regretted. 

These  correlations  were  based  almost  entirely  on  data  measured  on  the  NACA  digit,  5  digit  and  6  series  aerofoils, 
these  aerofoils  providing  then  the  only  large  body  of  high  Reynolds  number  data.  Whilst  computerised  pressure  dis¬ 
tribution  methods,  both  “forward”  and  “inverse”  have  now  enabled  design  aerodynamicists  to  depart  from  these 
families  of  aerofoils,  there  has  been  no  corresponding  expansion  in  published  high  Reynolds  number  data.  The  coming 
of  computerised  boundary-layer  calculations  might  be  expected  to  improve  the  situation  by  releasing  us  from  this 
straight  jacket  of  geometric  correlations:  however,  though  attempts  had  undoubtedly  been  made  I  am  unable  to 
report  any  improved  method  of  estimation  based  thereon. 

The  general  availability  of  the  pressure  distribution  method  has  contributed,  however,  to  the  improvement  of 
maximum  lift,  particularly  by  the  use  of  leading-edge  modifications,  it  must  be  pointed  out  that  this  application 
has  largely  been  to  aerofoils  basically  designed  to  a  combination  of  structural  and  cruise  considerations,  that  is  to 
sections  of  somewhat  limited  overall  camber  such  as  are  common  on  high  subsonic  aircraft. 

Thus,  the  methods  available  to  us  for  determination  of  maximum  lift  of  clean  aerofoils  can  be  summarised  in 
Figure  1.  This  is  presentation  of  the  test  results  published  by  Abbott  and  Von  Doenhoff4.  Figure  I  in  fact  uses 
the  data  for  a  Reynolds  number  of  6  x  1 06 ,  in  order  to  be  comparable  with  another  Figure  to  be  presented  later: 
a  very  similar  diagram  would  be  produced  by  using  the  9  x  106  Reynolds  number  data. 

The  steeply  sloping  left-hand  part  of  the  diagram  corresponds  to  rather  sudden  stalls,  described  in  Reference  3 
as  being  associated  with  separation  near  the  leading-edge.  When  dealing  with  some  new  aerofoil  likely  to  fall  in  this 
class,  one  could  attempt  to  ensure  that  it  lay  near  the  top  of  the  scatter  band  by  using  the  calculation  of  pressure 
distribution  to  ensure  that  some  lack  of  smoothness  of  other  peculiarity  of  design  did  not  cause  an  unnecessarily 
high  peak  of  negative  pressure. 

It  should  be  noted  that  in  some  respects  the  USAF  handbook1  on  the  one  hand,  and  on  the  other  hand  the 
British  Royal  Aeronautical  Society  Data  sheets2  and  Figure  1,  can  give  conflicting  results  for  some  types  of  departure 
from  the  standard  families  of  thickness  distribution.  For  instance,  blunting  of  the  leading-edge  causes  a  modest 
reduction  of  CLmax  according  to  the  USAF  handbook,  based  as  it  is  on  the  increase  in  thickness  between  6%  and 
15%  whereas  the  others  would  predict  a  fairly  dramatic  improvement,  being  based  on  the  ordinate  at  5%  chord,  one 
using  thickness  and  the  other  upper  surface. 


There  is  probably  inadequate  test  data  published  to  resolve  which  is  correct.  The  present  author  can  only 
recommend  recourse  to  calculated  pressure  distributions  to  suggest  which  is  the  more  likely  effect  in  any  particular 


case  under  investigation.  Hut  this  is  still  not  proof.  It  is  to  lie  remarked  that  Reference  3  is  based  on  yet  another 
criterion,  the  upper  surface  ordinate  at  1.25'';. 

Ihe  apparently  more  scattered  right-hand  part  of  the  diagram  (Fig.  1)  corresponds  to  cases  with  progressive 
separation  from  the  traihng-edge,  and  can  lie  sorted  out  by  labelling  the  points  with  thickness-chord  ratio  and  some 
camber  parameter  such  as  "design"  lift  coeff.cient,  I  he  use  of  “design"  lift  coefficient  is  however  likely  to  be  mis¬ 
leading  if  the  camber  line  of  the  aerofoil  for  which  one  is  trying  to  produce  an  estimate  is  not  of  the  same  family 
as  those  of  the  test  data. 

We  must  now  come  to  the  effect  of  Reynolds  number.  Figure  17  shows  the  results  of  varying  tunnel  speed  in 
an  atmospheric  tunnel,  on  a  number  of  swept  wing  half-models  of  20  inches  chord.  The  low  slope  region  on  the 
left  corresponds  to  "tlun  aerofoil"  stalls,  'he  so  called  "long  bubble”  case.  The  steep  rise  corresponds  to  sudden 
leading-edge  stalls,  that  is  of  bursting  short  bubbles. 

The  low  slope  region  on  the  right  does  not  necessarily  correspond,  however,  to  progressive  trailing-edge  stall; 
m  some  cases  at  least,  the  onset  of  Mach  number  effects  is  thought  to  be  involved.  Certainly  Mach  number  effects 
can  extend  down  to  quite  low  Mach  numbers.  Figure  15  shows  flight  results  on  an  aircraft  in  the  dean  configuration; 
these  results  show  no  sign  of  the  variation  of  C(  max  with  Mach  number  stopping  in  the  range  covered. 

The  value  of  5C(  6M  =  1.5  shown  in  Figure  15  is  not  untypical  though  rather  higher  values  are  some¬ 

times  found,  and  of  coui.ie.  in  case  wh  *re  the  stall  is  of  the  thin  aerofoil  type,  the  effect  of  Mach  number  is  small. 

It  will  be  seen  from  the  preceding  that  the  stale  of  estimation  methods  for  clean  aerofoils  is  still  somewhat 
unsatisfactory  and  not  much  better  than  20  years  ago.  However,  the  work  on  pressure  distribution  methods  and 
boundary-layer  methods,  where  considerable  progress  has  been  made  in  the  last  10  years,  may  be  expected  to  lead  to 
improvement  ultimately,  and  can  already  be  used  to  indicate  whether  relatively  small  changes  are  good  or  bad. 


3.  TRAILING-EDGE  DEVICES 

After  the  somewhat  dismal  situation  on  the  estimation  of  C,  on  clean  aerofoils,  we  will  start  this  section 

l  m  a  a 

with  a  rather  startling  assertion  that  trailing-edge  devices,  at  least  at  large  angular  settings  such  as  those  used  for 
landing,  make  the  estimation  of  C'Lmax  easier  than  for  the  clean  aerofoil. 

Figure  2  shows  an  analysis  of  all  the  60°  split-flap  data  given  in  Reference  4.  The  choice  of  ordinate  will  be 
explained  later,  but  the  improvement  in  correlation  with  the  single  parameter  ysu/c  compared  with  Figure  1  is 
immediately  apparent.  It  will  also  be  noted  that  the  majority  of  the  aerofoils  fall  on  the  steeply  sloping  part  of  the 
diagram.  This  sensitivity  to  leading-edge  geometry  is,  in  the  case  of  clean  aerofoils,  generally  typical  of  stalls  involving 
separation  from  close  to  the  leading-edge. 

Examination  of  the  shape  of  the  lift-curve  peak  in  the  flapped  cases  fails  to  reveal  any  that  arc  typical  of 
trailing-edge  stalls  as  categorised  in  Reference  3.  In  particular,  the  aerofoils  in  that  band  3'/2%>  y5U/C<5'/2% 
have  much  sharper  peaks  in  the  flapped  cases  than  in  the  clean  cases,  and  may  be  presumed  to  have  changed  from 
a  trailing-edge  type  stall  when  clean,  to  a  leading-edge  type  stall  when  flapped.  It  has  to  be  admitted  that  the  three 
aerofoils  on  the  extreme  right  have  moderately  sharp  peaks  when  flapped.  This  is  slightly  surprising  in  view  of  the 
lack  of  sensitivity  of  C(  max  to  leading-edge  geometry  as  between  these  three  aerofoils  which  arc  NACA  4415, 

4418  and  4424. 

The  fact  that  almost  all  the  aerofoils  in  Figure  2  have  stalls  which  are  dominated  by  the  leading-edge  charac¬ 
teristics  forms  the  justification  of  the  choice  of  ordinate,  This  sensitivity  suggests  that  the  load  carried  near  the 
leading-edge  is  an  important  feature.  Thin  aerofoil  theory  shows  that,  in  two-dimensional  How,  for  vanishingly 
small  values  of  E  =  c,./c  ,  the  load  carried  across  the  leading-edge  is  the  same  for  an  unflapped  aerofoil  at  a  value 
of  CL  and  for  a  flapped  aerofoil  when  (Cj  '/iAC^ )  has  the  same  value;  where  ACL  is  the  increment  of  C( 
at  constant  incidence  due  to  flap  rotation.  The  factor  of  Vi  decreases  for  increasing  values  of  E  ,  but  not  very 
much  in  the  usual  working  range.  Of  course,  as  the  flap  is  in  all  cases  in  Figure  2  a  split  Hap  of  E  =  0.2  at  60°, 
there  is  not  much  variation  in  ACj  ;  the  values  lie  mostly  between  1.2  and  1.5.  The  use  of  this  ordinate  is  thus 
not  fundamental  to  obtaining  a  reasonable  correlation  for  one  particular  flap  configuration. 

Figure  3  shows  the  envelope  of  Figures  1  and  2  superimposed.  It  will  be  seen  that,  for  the  regions  where  the 
stall  is  leading-edge  dominated,  i.e.  where  the  slope  against  y5U/c  is  high  and  positive,  this  concept  of  leading-edge 
loading  has  gone  a  long  way  towards  forcing  the  flapped  data  to  correlate  with  the  unflapped  data.  The  difference 
m  r  (  (  km\  1  is  only  between  zero  and  0.3.  We  will  sec  later,  when  we  consider  the  pressure  distributions  and 

t heir  effects  on  the  boundary-layer,  tha'  it  is  not  unreasonable  that  even  in  leading-edge  dominated  cases  the  flapped 
aerofoil  should  show  a  greater  benefit  than  lAAC,  over  the  unflapped.  This  is  because  the  flap  has  also  reduced  the 
subsequent  adverse  gradient.  It  might  also  be  postulated  that  this  effect  would  be  expected  to  be  reduced  in  cases 
where  <  (  mjx  has  become  sensitive  to  Mach  number;  since  in  that  case  it  is  to  be  supposed  that  the  value  of  Cp  min, 
that  is  its  relation  to  (  ^  for  M ,  =  I  ,  would  be  of  significance;  whereas  in  the  other  situation  it  is  the  pressure 
gradient  which  is  important  in  determining  boundary-layer  separation. 
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When  assessing  t he  C'Lmax  °*  cl°an  w>ngs  ‘s  fairly  common  practice  to  carry  out  spanwise  load  distribution 

calculations  and  then  to  compare  the  sectional  C(  max  available  at  the  various  positions  across  the  span  with  the 

C,  demanded  by  the  spanwise  load  distribution.  The  use  of  this  procedure  on  wings  with  part-span  flaps  is  not 
very  meaningful,  as,  at  a  section  just  beyond  the  end  of  the  Hap  the  C,  demanded  will  commonly  be  greater  than 
two-dimensional  unflapped  data  would  suggest  is  likely  to  be  available. 

The  author  proposes  to  ignore  this  difficulty  for  the  moment,  and  to  show  that  quite  often  good  correlation 
can  thereby  be  obtained.  If  lor  y ^u/c<  3'/2%  ,  Figure  3  had  shown  a  perfect  collapse  of  the  flapped  data  onto  the 
unflapped,  then  in  finite  aspect-ratio  cases,  at  any  rate  for  full-span  flaps,  one  might  expect  AC',  max  6 C t  to  equal 
‘/i(A  +  2)/A  .  This  results  directly  from  the  independence  of  (',  max  from  variation  oi  aspect-ratio  and  the  depen¬ 
dence  of  lift  curve  slope,  both  a,  =  dCLlba  and  a,  =  9C,  /3  5,.  on  aspect-ratio,  approximately  as  A/lA  t  2  I  . 

The  independence  of  (’  max  from  aspect-ratio  is  of  course  restricted  to  cases  where  aspect-ratio  is  greater  than 
about  4  and  leading-edge  sweep  is  not  excessive.  That  is.  res'ricted  to  cases  where  neither  leading-edge  separation 
vortices,  nor  tip-edge  separation  vortices,  contribute  any  appreciable  extra  lilt. 

We  will  now  compare  this  proposition  with  a  number  of  test  results  and  it  will  be  seen  that  it  fits  the  test  data 

no  less  well  in  the  case  of  part-span  Haps  than  for  full-span  flaps.  Some  data  is  shown  for  cases  with  leading-edge 

slats.  Whether  wings  with  slats  stall  in  a  leading-edge  dominated  fashion,  or  what  the  parameters  are  which  determine 
this,  we  will  not  discuss  at  this  stage. 

Figure  4  shows  a  collection  of  four  finite  aspect-ratio  wings.  Of  these,  the  one  clean  leading-edge  of  y  /c  *=  47! 
fits  '/:(A  +  2)/A  very  well,  in  spite  of  having  only  part-span  flaps.  The  other  clean  leading-edge  has  a  v  'c  of  about 
514  and  displays  a  slope  of  rather  over  unity  (about  1.07).  The  correlation  is  all  the  more  remarkable  when  it  is 
realised  that  both  of  these  cases  include  a  point  for  winch  A<’,  has  collapsed  ow:ng  to  excessive  Hap  angle.  The 
Reynolds  number  in  these  two  cases  is  between  I  and  1.4  x  10*. 

The  curve  at  the  top  left  is  something  of  a  rogue  for  which  the  author  can  offer  no  explanation. 

Figure  5  shows  the  corresponding  plotting  for  a  lull-span  blown  flap.  The  example  again  includes  cases  of  both 
separated  (low  on  the  flaps  and  of  attached  How  on  the  flaps.  Correcting  the  lift  for  the  direct  jet  momentum  pro¬ 
duces  only  a  very  small  improvement  in  the  already  good  correlation.  This  shows  that  a  blown  Hap  is  "just  another 
flap”.  The  blow  serves  to  improve  ACL  due  to  Hap,  but  the  effect  on  C,  max  is  practically  no  different  from 
that  due  to  any  other  flap  that  produces  the  same  AC,  .  Of  course,  there  may  not  be  any  other  such  flap;  hence 
the  advantage  of  the  blown  flap. 

Figure  7  shows  another  case,  this  time  with  a  leading-edge  slat.  In  this  example  the  slope  is  rather  lower  than 
!A(A  +  2)/A  .  This  has  been  observed  on  other  occasions  on  slotted  wings.  It  is  suggested  that  this  might  be  associ¬ 
ated  with  a  growth  in  the  slat  wake  between  the  CL  at  which  ACL  is  determined  and  C(  max  causing  in  effect 
a  decrease  in  ACL  as  incidence  is  increased.  It  is  also  to  be  noted  that  the  full-span  flap  case  does  slightly  less 
well  than  the  part-span  cases. 

From  the  preceding  description  we  can  postulate  the  general  shape  of  relation  between  f  Lmax  :lnt*  ^  i  *a  =  0) . 
We  can  also  postulate  the  steps  which  must  be  gone  through  in  order  to  estimate  C,  max  of  a  Happed  wing.  See 
Table  IV  { Fig.  1 9).  Figure  20  shows  this  diagramatically.  It  should  be  noted  that,  whilst  Figures  I  and  2  give  some 
sort  of  correlation  of  CLmax  and  the  notional  leading-edge  stall  C,  x  .it  is  not  suggested  by  the  author  that 
these  figures  should  be  used  if  any  other  data  on  more  closely  related  configurations  is  available.  It  is  also  desirable 
to  use  theoretical  pressure  distribution  calculations  to  determine  whether  the  section  in  question  is  likely  to  be  near 
the  top  edge  of  the  scatter  band. 

The  procedure  outlined  in  Table  IV  (Fig. I1))  will  seem  to  lead  to  the  possibility  of  (',  max  vs  (',  diagrams 
with  a  distinct  bend  partway  through  t he  (lap  angle  range.  The  examples  so  far  shown  do  not  obviously  reveal  such 
a  case,  but  Figure  18  does  show  a  case  which  seems  might  fall  into  this  category.  Having  postulated  from  the 
observed  behaviour  of  the  C'Lrnax  vs  ^  t  plots  that  there  are  two  distinct  modes  of  operation,  we  will  now  see 
how  this  deduction  is  supported  by  considerations  of  boundary-layer  behaviour  and  observed  pressure  distributions. 

Figure  6  shows  a  typical  pressure  distribution  measured  in  a  low-speed  wind-tunnel  at  a  lift  coefficient  a  little 
below  the  maximum.  It  is  in  fact  on  a  wing  with  a  leading-edge  slat. 

The  upper-surface  pressure  distribution  is  typical,  characterised  by  a  high  suction  peak  near  the  leading-edge 
followed  by  a  rapid  pressure  rise.  Without  a  slat  these  features  would  be  even  more  marked.  Without  a  flap  and 
without  an  incipient  trading-edge  stall,  this  pressure  rise  would  end  at  the  trading-edge  with  a  pressure  coefficient 
of  about  +0.1  to  +0.2.  The  flap,  in  this  case  at  40 '!  causes  the  t rai ling-edge  pressure  on  the  main  element  to  be 
more  negative  by  about  AC.’p  *=  1.0  . 

If  pressure  distributions  with  and  without  flap  are  compared,  not  at  constant  incidence  but  at  constant  leading- 
edge  peak  height  then,  and  can  also  be  shown  by  theoretical  pressure  distribution  calculation  there  is  not  much 
effect  on  pressure  gradient  immediately  behind  the  leading-edge  peak,  but  the  pressure  gradient  further  back  is  con¬ 
siderably  reduced  thereby  reducing  the  tendency  to  progressive  boundary-layer  separation  from  the  trailing-edge. 
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l  liiis  in  cases  without  trailing-edge  stall,  the  effect  of  flap  may  be  expeeted  to  follow  roughly  the  “constant 
leading-edge  load"  criterion,  but  if  the  stall  without  flap  was  progressive  from  the  trailing-edge  a  larger  improvement 
may  be  expected. 

I  luis  we  can  summarise  the  effect  of  the  flap: 

lal  Hv  producing  an  increment  of  lift  at  constant  incidence  compared  with  the  unflapped  case,  an  increment 
of  lilt  of  about  half  this  amount  is  produced  when  the  loading  and  tendency  to  separate  near  the  leading- 
edge  is  the  same  in  the  two  cases. 

(bl  ll  without  Hap  there  is  a  separation  associated  with  the  pressure  gradient  on  the  rear  part  of  the  aerofoil, 
then  by  producing  a  local  suction  at  the  rear  of  the  main  element,  and  hence  less  adverse  pressure  gradients, 
the  flap  may  delay  or  eliminate  the  trailing-edge  stall. 

1‘he  function  under  heading  (a)  is  common  to  all  types  of  trailing-edge  flap,  hut  the  aerodynamic  means  of  pro¬ 
ducing  function  (h)  differs  according  to  the  type  of  tlap  and  is  tabulated  in  Figure  8.  I  have  in  this  Table  gone  outside 
the  terms  of  reference  of  this  lecture  and  included  blown  and  jet  Raps.  I  have  felt  it  desirable  to  do  this  since  the 
overall  programme  for  the  week  might  at  first  sight,  by  separating  them  into  separate  lectures,  give  the  impression 
that  they  have  ’it lie  in  common  with  “mechanical"  flaps.  I  think  that  the  similarities  in  their  effect  of  the  main 
wing  cannot  be  over  emphasised. 

The  various  types  of  flap  also  differ  in  the  way  the  main  aerofoil  boundary  layer  passes  downstream  from  the 
flap  knuckle.  These  differences  are  tabulated  in  Figure  l).  These  differences  will  of  course  lead  to  differing  AC, 
vs  flap  angle  relations. 

The  estimation  of  AC,  is  a  subject  on  which  a  fair  amount  of  empirical  analysis  has  been  done  over  the 
years.  One  method  used  by  the  author  is  due  to  1),  11. Wilkinson  and  takes  the  form: 

=  AC;>  =  OKA"  +  2) 

(I  +  t/e" )  A"  X"  k  cos  A„  L 

where  the  double  prime  signifies  the  use  of  chords  and  areas  which  include  the  extension  due  to  leading  and  trailing-edge 
devices  and  AC,  is  the  lift  increment  due  to  the  extending  and  deflecting  the  trailing-edge  device,  k  is  part-span 
factor  taken  from  Royal  Aeronautical  Society  Data  Sheets*.  X  is  the  potential  flow  value  of  aJoT/aB.,.  for  a  thin 
aerofoil  from  the  same  source.  A,, ,  is  the  sweep  angle  of  the  Rap  hinge  line.  A  is  the  Aspect-Ratio.  ( !  +  t/c”) 
is  an  approximation  to  the  effect  of  thickness  on  the  potential  Row  lift  curve  slope. 

Thus  \j>"  is  the  lift  curve  of  a  hypothetical  full-chord  Rap  on  a  thin  aerofoil  in  two  dimensions  but  with  the 
boundary-layer  effects  of  the  actual  case.  In  the  absence  of  such  effects,  the  slope  of  <p"  against  Rap  angle  would 
be  expected  to  he  2a  .  Figure  10  shows  such  a  i j/"  flow  obtained  for  a  Fowler  Rap.  No  doubt  each  worker  in 
high  lift  has  his  favoured  set  of  such  curves,  or  their  equivalent,  for  each  type  of  Rap  with  which  he  is  concerned. 

One  has  more  confidence  in  using  such  a  method  for  scaling  for  small  changes  from  a  closely  related  case,  so  the 
author  has  not  here  attempted  to  produce  a  completely  general  correlation  and  has  only  shown  one  typical  such 
curve.  For  those  without  data  on  “Closely  Related”  cases,  there  are  curves  in  both  USAF  handbook  and  the  RAeS 
data  sheets  which  can  be  used  for  the  same  purpose  though  they  are  presented  in  slightly  transformed  fashions. 

The  index  of  the  cosine  term  is  entirely  empirical  and  would  differ  according  to  whether  the  Rap  angle  used  is 
a  rotation  of  the  Rap  about  a  swept  axis  or  is  the  angle  in  a  line-of-Right  section.  The  value  of  unity  is  slightly 
surprising  on  theoretical  grounds. 

All  that  is  claimed  is  that  it  seems  to  work  better  than  a  value  of  2  for  Raps  with  attached  Row. 

A  word  of  warning  must  be  inserted  here  on  the  subject  of  ACLmax  due  to  Raps.  Firstly,  for  plain  Raps 
with  separated  flow,  some  analyses  show  less  benefit  for  large  values  of  c(;/c  than  the  theoretical  C,  benefits 
would  suggest.  Figure  21  compares  these.  Secondly  other  analyses  of  the  effect  of  sweep  on  AC,  max  due  to  Rap 
have  given,  for  various  types  of  Rap,  losses  worse  than  cos3Ac/4  compared  with  cos  A,, ,  suggested  above.  The 
author’s  data  does  not  extend  over  a  sufficiently  wide  range  oT  sweep  to  be  conclusive,  but  have  not  so  far  suggested 
such  severe  losses. 

Returning  to  the  \ p"  plot  of  Figure  10  for  an  attached  Row  Rap,  the  slope  of  i //"  versus  Rap  angle  is  markedly 
less  than  2n  .  Contributions  to  the  deficit  are  presumably: 

i  ll  Nonlinear  effects  in  potential  Row;  whilst  these  may  be  appreciable  on  multi-slotted  Raps  achieving  attached 
flow  with  about  90°  dcRcction  on  the  last  clement  (as  on  the  Brcguet  941)  and  on  blown  Raps  with  angles 
of  about  b0°  and  over,  such  effects  are  not  important  at  a  =  0°  and  5  =  40°  . 

i  b i  I  he  potential  flow  effects  of  the  Row  through  the  various  slots. 

id  Boundary  l.ixcr  and  wake  displacement  thickness  effects. 
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Figure  I  I  shows  some  total-head  profiles  measured  on  a  wing  with  a  slat  and  a  Fowler  flap.  These  are  measured 
on  the  same  models  as  Figure  b.  The  highest  incidence  shown  is  just  before  the  stall  and  is  the  same  as  that  for 
Figure  0.  At  mid  flap  chord  th  ■  wake  from  the  main  element  is  still  fairly  separate  from  the  flap  boundary  layer. 
However,  the  slat  wake  appears  to  be  well  mixed  with  the  main  aerofoil  boundary  layer  before  the  shroud  point  is 
reached.  Just  before  the  stall  there  is  a  very  large  thickening  of  this  combined  slat  wake  and  main  aerofoil  boundary 
layer,  although  as  far  as  it  was  possible  to  judge  the  flow  was  still  unseparated. 

The  thinness  of  the  flap  boundary  layer  shown  (or  rather  not  shown  as  the  experiment  has  failed  to  measure  it) 
in  Figure  I  I  makes  it  seem  unlikely  that  the  displacement  thickness  of  this  boundary  layer  is  the  sole  reason  for  the 
i p"  slope  being  less  than  2rr  .  The  How  through  the  slots  will  cause  some  loss  of  this  slope  in  a  potential  How 
situation,  but  the  thickening  of  the  wake  of  the  main  element  (and  slat  in  the  case  illustrated)  is  likely  to  be  the 
main  cause.  Hence,  a  method  of  calculating  this  wake  flow  is  needed  in  any  attempt  to  calculate  flap  characteristics 
from  a  combination  of  potential  How  and  boundary-layer  calculations. 


3.  LEADING-EDGE  DEVICES 

Tabulated  in  Figure  23  are  the  principle  types  of  leading-edge  device.  They  have  been  separated  into  three 
groups.  Ciroup  I  functions  by  modifying  the  pressure  distribution.  Group  2  by  improving  the  stale  of  the  boundary 
layer  without  much  effect  on  the  pressure  distribution,  and  Group  3  by  both  means 

We  will  now  comment  on  each  of  these  in  turn. 

3.1  Leading-Edge  Flaps 

A  chart  for  the  effect  of  leading-edge  flaps  is  given  in  the  USAF  handbook1  based  on  a  premise  that  the  incre¬ 
ment  Cj  is  determined  by  the  pressure  distribution  close  to  the  leading-edge  this  of  course  is  rather  similar  to 
the  present  author’s  suggestions  for  the  effect  of  trailing-edge  Haps  on  aerofoils  which  are  not  too  thick.  The  chart 
is  presented  together  with  a  suggestion  that  it  should  be  used  for  nose  Hap  angles  not  exceeding  25°.  At  some  angle 
typically  of  this  order,  the  suction  near  the  knuckle  and  the  subsequent  pressure  recovery  will  take  over  the  produc¬ 
tion  of  the  separation.  Whilst  the  value  quoted  is  in  close  agreement  with  the  lecturer’s  experience,  it  is  to  be 
expected  that  the  knuckle  radius  will  be  a  factor  in  determining  the  maximum  useful  angle  Reynolds  number  is 
also  a  factor;  whilst  25°  is  probably  about  the  best  angle  at  high  Reynolds  number,  model  tests  at  about  HI6  Re  . 
often  indicate  about  35°  as  being  the  best  angle,  tlierby  giving  a  falsely  optimistic  increment  in  G,  max  .  It  is  also 
necessary  to  call  attention  to  the  mechanical  difficulties  of  manufacturing  a  smooth  knuckle,  and  the  combination 
of  such  irregularities,  gaps  and  leaks  will  often  lead  to  a  significant  reduction  in  the  increment  in  (',  max  .  It  should 
also  be  noted  that  at  thickness-chord  ratio  of  about  1  3  and  above,  it  becomes  very  difficult  to  produce  a  geometry 
which  looks  attractive,  and  presumably  at  these  thicknesses  there  can  be  little  gain  in  (',  max  . 

3.2  Fixed  Leading-Edge  Droop 

The  effect  of  fixed  leading-edge  droop  can  be  assessed  by  a  similar  concept.  This  is  by  calculation  of  pressure 
distributions  with  and  without  the  modification  and  then  finding  the  increase  in  C(  to  give  the  same  peak  suction 
value  near  the  leading-edge.  It  has  been  common  practice  in  the  UK  to  use  a  peak  suction  of  C  =  10  for  such 

calculations,  as  suggested  by  the  late  Miss  Brad  field  of  the  Royal  Aircraft  Establishment.  Furnhorough.  However,  it 
seems  to  be  necessary  to  scale  down  the  calculated  improvement  in  C(  max  by  a  factor  typically  between  0.5  and 
1.0.  Such  calculation  requiring  detailed  knowledge  of  the  sections  is  rather  inconvenient  for  early  project  assessment 
A  cruder  form  of  assessment  would  be  to  use  the  y,„/c  correlation  presented  at  the  beginning  of  the  lecture,  but 
this  does  not  really  help  much,  since  the  question  immediately  arises  of  how  large  a  modification  is  acceptable  and 
only  detailed  calculations  will  show  up  what  the  limit  is. 

At  this  point,  whilst  we  are  discussing  pressure  distributions,  it  is  appropriate  to  call  attention  to  what  may 
well  be  a  limitation  to  most  if  not  all  the  suggested  methods  of  evaluating  (’,  |nax  .  This  restriction  is  that  they 
are  arrived  at  from  experience  on  aerofoils  which  in  general  have  been  designed  with  some  degree  of  restriction  in 
thickness  and  camber  due  to  considerations  of  high-speed  flight  if  not  from  Mach  number  considerations,  then  at 
least  due  to  structural  considerations.  It  seems  quite  possible  that,  if  an  aerofoil  was  designed  solely  for  maximum 
lift  in  the  clean  configuration,  the  subsequent  effect  of  high-lilt  devices  may  not  follow  the  description  very  closely. 
Put  another  way,  the  experience  is  based  on  aerofoils  which  have  either  leading-edge  or  trailing-edge  stalls.  Whilst 
Reference  3  has  a  further  category  termed  "combined”  stall  of  which  the  prime  example  is  N'AGA  23012.  a  section 
of  moderate  thickness  and  rather  low  camber,  it  is  reasonable  to  suppose  such  aerofoils  are  included.  However,  it 
seems  possible  there  might  be  aerofoils  perhaps  of  high  camber  and  low  thickness  which  might  give  very  good  values 
of  (’,  max  for  which,  owing  to  a  total  lack  of  data,  no  such  assurance  can  ;  given. 

Returning  to  the  question  of  the  factor  typically  of  0  5  for  C ' j  nl l°r  Gp  =  10)  .  it  must  be  pointed 

out  that  tests  at  low  Reynolds  number  may  give  wildly  optimistic  results  for  this  factor.  Figure  17  shows  the  vari¬ 
ation  oT  (’(  with  Reynolds  Number  for  an  aerofoil  with  a  series  of  leading-edge  modifications.  The  tests  are 
in  an  atmospheric  tunnel  and  wind  speed  is  changed  to  obtain  the  variation  of  Reynolds  Number:  tlius  Mach  Number 
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is  also  varying  nil  may  be  starting  to  affect  the  results  at  the  right-hand  side  of  the  diagram.  It  will  be  seen  that, 
where  the  values  of  mjx  are  rising  very  steeply  there  tire  very  large  differences  between  the  various  cases,  but 
it  the  right-hand  edge  the  differences  appear  to  he  settling  down  to  much  more  modest  values.  I  bis  is  presumably 
dm'  to  changes  in  the  distance  between  the  stagnation  point  and  the  laminar  separation  point  differing;  the  larger 
values,  resulting  from  the  larger  values  of  leading-edge  radius,  causing  the  steep  part  of  the  curve  to  he  at  lower 
values  ol  Re  .  based  on  chord. 

!  .!  Krueger  Flap 

Whilst  verv  crude  generalisations  may  be  possible,  there  are  many  detailed  variables,  such  as  the  leading-edge 
radius  ot  the  Map,  the  curvature  between  there  and  the  basic  nose,  and  the  fit  and  leaks  between  the  Map  and  the 
mam  aeroloil.  these  variables  seem  likely  to  have  a  profound  effect  on  the  C'j  max  .  The  lecturer  would  be  generally 
unhappy  to  rely  on  anything  other  than  model  tests  conducted,  at  adequate  Reynolds  Number,  on  an  adequately 
detailed  lepresentation  including  the  leaks. 

.1.4  Slat  Without  Slot 

Since,  as  with  the  leading-edge  flap,  the  leading-edge  geometry  of  the  device  is  the  same  as  the  leading-edge 
gwmetrs  ot  the  basic  aerofoil,  this  device  can  be  expected  to  correlate  in  the  same  way  as  t tie  leading-edge  flap. 

I  here  will  be  a  different  set  of  irregularities  at  the  knuckle,  but  some  evidence  exists  to  suggest  that  the  limiting 
use l ul  angles  are  similar 

4.5  Tangential  Plowing  and  Boundary-Layer  Suction 

I  hese  topics  will  be  left  to  the  lecturer  on  Pneumatic  Devices. 

,V<>  "Letter  Box"  Slot 

Only  a  very  limited  amount  ol  data  is  thought  to  be  available  in  NACA  work  from  the  early  WO  era.  Reference  5 
is  typical  and  shows  a  value  of  (’,  max  of  about  0.47  at  a  rather  low  Reynolds  Number  (O.b  x  It)'1).  As  mentioned 
m  section  .VS,  I  would  guess  this  may  well  reduce  lo  about  0.4  at  full  scale.  Different  basic  sections  may  well  give 
dillerent  results. 

V7  Vortex  Generators 

I  lie  lecturer  lias  included  this  item  for  completeness  but  is  unaware  of  any  data. 

.VS  Handley-Page  Slat 

Figure  25  shows  some  typical  results  for  the  ACj  max  due  to  slats.  These  results  of  course  depend  on  spending 
a  conviderable  effort  on  optimising  the  "cut  line  profile",  gap,  overlap  and  rotation  angle.  The  Reynolds  Number  of 
these  result-,  i\  low.  There  are  some  indications  that  at  full  scale  the  effect  may  well  be  rather  less.  Put  another  way, 
there  are  indications  that  there  is  rather  less  scale  effect  with  slats  than  on  plain  aerofoils.  It  is  not  clear  why  this 
should  he  mi. 

I I  in  common  practice  to  think  of  slats  in  terms  of  the  slot  rejuvenating  the  boundary  layer.  The  author  con- 
siders  that  t hi-,  approach  is  not  very  helpful  in  understanding  the  features  that  arc  involved  in  optimising  the  configu¬ 
ration.  Figure  I  I  shows  some  total-head  surveys  carried  out  on  a  wing  with  a  slat;  it  shows  that  the  slat  wake  has 
passed  fairly  far  hack  before  becoming  mixed  with  the  main  element  boundary  layer.  To  that  extent,  keeping  the 
nI.i!  (that  is  the  leading-edge)  boundary  layer  out  of  the  main  element  boundary  layer  has  helped  the  slate  of  the 
latter.  However,  there  are  additional  benefits  and  these  may  be  seen  m  Figure  12  which  tabulates  the  features  that 
effect  the  pressure  distribution.  It  will  he  realised  that  lor  optimum  performance  a  balance  must  be  struck  between 
items  I  and  5  to  gel  optimum  rotation;  also  the  correct  balance  between  items  3  and  4  on  the  one  hand  and  the 
need  to  keep  the  slat  wake  separate  from  the  main  element  boundary  layer  until  far  enough  downstream  will  deter¬ 
mine  the  correct  gap. 

As  will  he  explained  in  the  section  on  interaction  between  leading  and  trailing-edge  devices  there  is  a  reduction 
ot  ACj  m  |x  due  to  slat  with  Maps  down;  or  rather,  as  Figure  25  is  for  flaps  down  cases,  an  improvement  flaps  up. 

Just  as  with  leading-edge  flaps  attention  must  be  paid  lo  mechanical  details,  such  as  the  step  in  t he  upper 
surface  step  where  the  slat  trailing-edge  stows,  and  also  in  this  case  the  various  supports  between  the  slat  and  the 
in. mi  element. 

t  ')  Krueger  Slat 

\n  ilier,.  i,  more  variables  available  to  the  designer,  there  is  the  possibility  of  producing  a  better  performance 
than  with  ili  ,n  i,,,|,)x  slat.  For  a  given  front  spar  position,  a  larger  area  extension  can  be  obtained  especially  if  a 
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folding  knuckle  is  used.  The  leading-edge  radius  may  he  made  larger  Ilian  (hat  of  the  basic  acrolml.  I  hese  lealures 
are  perhaps  offset  by  a  too  I'lal  profile  of  the  part  forming  the  lower  siirlace  ol  the  basic  acroloil.  In  the  case  ol 
the  flexible  device  used  by  Hoeing  on  the  747.  this  area  can  also  be  optimised. 

3.10  Combined  Leading-Edge  Flap  and  Vortex  Generators 

There  is  only  one  known  example  of  this  ail  hoc  combination  Ion  the  Hawker  Suldelex  I  rident  I  t;  the  \oi  tex 
generators  retract  for  cruising  flight.  Obviously  any  such  ail  hoc  combination  would  luxe  to  be  the  subject  ol  a 
detailed  model  investigation  before  committing  a  project  to  using  it. 


4.  INTERACTION  BETWEEN  LEADING  AND  TRAILING-EDGE  DEVICES 

The  examples  given  ol'  the  ('(  vs  ('  relation  in  the  presence  of  slats  ttxvo  in  Figure  4  and  all  of  I  igure  7) 
show  a  variety  of  slopes  Whilst  the  top-lell  curve  in  Figure  4  seems  to  be  a  complete  rogue  for  which  the  author 
has  no  explanation,  the  other  slotted  case  on  that  figure  looks  as  though  it  may  fall  into  the  category  of  Irailmg-edgc 
stall  changing  to  leading-edge  stall  part-xvay  up.  I  he  case  in  Figure  7  is  clearly  of  the  leading-edge  limited  type 
With  slats  extended,  this  could  just  as  well  be  a  stall  near  the  upper  surface  discontinuity  as  on  the  slat  I  he  slope, 
only  HO',7  of  the  '/it  A"  +  2)/(A"l  value,  is  about  the  loxvest  the  lecturer  has  come  across. 

It  seems  likely  that  this  relatively  poor  performance  is  associated  with  the  gross  thickening  of  the  combined  slat 
and  main  element  wake  passing  over  the  flap.  Figure  I  I  seems  to  give  some  indication  of  this,  though  a  traverse 
further  aft  would  have  been  more  definitive.  This  thickening  would  leiluce  the  A<  ”  due  to  flap  as  when  the  stall 
is  approached,  whereas  the  AC  j'  plotted  is  either  that  at  /ero  incidence  or  sometimes  that  obtained  by  extrapolating 
the  linear  part  of  the  C.  vs  a  curve  back  to  a  =  O  '  .  An  alternative  statement  ol'  exactly  the  same  effect  is  that 
made  in  the  section  on  slats,  that  the  increment  in  C.  x  due  to  adding  a  slat  is  commonly  less  with  flaps  extended 
than  with  Haps  retracted.  It  seems  likely  that  the  use  of  larger  gaps,  especially  the  flap  gap  may  xvell  alleviate  this 
loss,  but  would  at  the  same  time  restrict  the  maximum  usable  flap  angle  by  reducing  the  action  listed  number  3  in 
Figure  12  xvhen  applied  to  the  main  element  and  the  Hap.  thereby  worsening  the  state  of  the  flap  boundary  layer. 

In  making  an  estimate  it  is  of  course  important  not  to  include  this  effect  txvicc.  The  estimator  must  make  up 
his  mind  whether  he  is  going  to  reduce  the  ACj  max  due  to  flap  in  the  presence  of  the  slat,  or  to  reduce  the 
AC|  max  due  to  the  slat  in  the  presence  of  the  flap.  In  practice  it  is  often  convenient  to  follow  the  sequence  of 
opening  of  the  devices  in  deciding  which  way  to  choose.  It  o  rare  to  deploy  the  trading-edge  devices  before  the 
leading-edge  devices:  therefore  it  is  recommended  to  regard  the  effect  as  one  of  the  slat  causing  a  loss  of  flap 
effectiveness. 

The  construction  of  the  (  Lmax  vs  ^  i  lor  a  s'olled  xving  will  pose  the  problem  of  whether,  slat-open  the 
stall  is  a  leading-edge  stall  or  a  trading-edge  stall,  and  if  the  latter,  what  the  hypothetical  (  ,  |T)ax  for  a  leading-edge 
stall  would  be.  At  this  stage,  one  must  have  recourse  to  model  tests  and  thus  one  can  really  only  scale  between 
closely  related  configurations. 

Figure  13  shows  some  data  which  at  first  sight  contradicts  the  general  trend  of  adverse  interaction  between  slats 
and  Haps;  the  A(  Lmax  due  10  s*at 's  niarB'twhy  greater  flaps  doxvn  than  Haps  up.  The  only  obvious  indication  of 
any  interaction  is  the  slightly  more  rounded  lift  curve  peak.  However,  when  this  data  is  replotted  as  in  Figure  14 
with  lift  coefficients  based  on  the  appropriate  extended  area  and  with  the  incidences  reduced  by  the  appropriate 
57.3  Cl/ttA  .  to  remove  approximately  the  effect  of  varying  finite  aspect-ratio,  it  becomes  more  obvious  that  there 
is  adverse  interaction.  First,  the  flap  in  the  absence  of  the  slat  has  caused  a  loss  of  lift  slope,  even  though  as  is  to 
be  expected  there  is  less  rounding  of  the  peak  of  the  curve.  Secondly,  the  rounding  of  the  peak  (caused  by  (lie 
slat)  of  l'/i  departure  from  the  straight  line  is  doubled  in  the  case  of  slal  and  flap  combined. 


5.  MECHANICAL  DETAILS 

The  effect  of  mechanical  imperfections  on  the  effectiveness  of  leading-edge  flaps  and  slats  has  been  mentioned 
in  the  appropriate  sections,  as  has  the  effect  of  slat  tracks  and  jacks. 

Slotted  flaps,  including  multi-slotted  and  Fowler  types  can  be  supported  in  a  number  of  ways.  Some  of  these 
methods  interrupt  the  upper  surface  of  the  flap,  some  principally  the  leading-edge  of  the  flap,  and  some  the  lower 
surface  only.  Broadly  speaking,  interruptions  in  the  leading-edge  or  upper  surface  may  be  expected  to  cause  local 
separations  and  hence  loss  of  lift  at  any  substantial  Hap  angle.  Associated  with  this  loss  of  lift  will  be  a  drag  penalty 
but,  if  take-off  Hap  angles  are  small,  this  may  not  be  very  serious.  The  choice  of  support  scheme  must  of  course  be 
a  “trade-off’  exercise  between  cruise  drag.  Hap  performance  and  weight.  The  principal  schemes  are  listed  tracked 
schemes  may  of  course  give  circular  movement  or  non-circular  according  to  choice.  The  comments  are  made  in  the 
context  of  conventional  transport  aircraft. 
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mi  Simple  Hinge  on  Under  Wing  Brackets 

I  Ins  is  used  on  the  DC1)  and  on  the  II.S.  125.  This  is  attractive  because  of  its  mechanical  simplicity  and  is 
light  m  weight.  If  the  flap  travels  are  not  large,  the  cruise  drag  is  fairly  small.  However,  it  becomes  much 
less  attractive  at  Mach  numbers  of  about  O.X  and  over.  The  higher  sweeps  of  the  flap  hinge  line  combine 
with  dilliculty  the  making  the  bracket  I  c  ratio  sufficiently  low,  and  made  it  difficult  to  avoid  excessive 
drag  due  to  local  Mach  number  problems. 

tb)  Swinging  Links 

I  hose  are  used  on  the  l)('4,  (>.  7  series.  It  may  well  be  even  lighter  than  the  simple  hinge  so  far  as  the 
mechanism  is  concerned,  but  it  interrupts  the  flap  upper  surface  and  leading-edge,  probably  leading  to 
aerodynamic  losses  and  possibly  some  weight  penalty  in  the  flap  structure.  However,  as  the  motion  is 
normal  to  hinge  line,  large  flap  travels  at  high  sweeps  will  cause  difficulties  with  fairing  alignment  and 
hence  cruise  drag. 

(cl  Underwing  Tracks 

I  hese  can  leave  the  flap  leading-edge  and  upper  surface  uninterrupted.  At  high  sweep-back  angles,  line-of- 
llight  tracks  carry  a  considerable  sideload  and  may  become  rather  heavy  or  bulky  as  this  must  be  carried 
as  sideways  bending  in  the  track.  As  the  aerodynamic  benefits  of  the  clean  flap  leading-edge  and  upper 
surface,  together  with  large  flap  rearward  travel,  are  most  significant  at  landing,  the  use  of  underwing 
tracks  is  most  appropriate  on  aircraft  with  a  high  ratio  of  landing  weight  to  take-off  weight,  that  is  on 
short  range  aircraft. 

(dl  Tracks  within  the  Wing  Profile 

['hough  only  capable  of  giving  a  limited  rearward  movement  without  protruding  outside  the  profile,  size 
for  size  they  are  probably  only  lighter  than  underwing  tracks  by  saving  the  weight  of  the  fairing  and,  by 
keeping  them  normal  to  Hup  leading-edge,  the  side  load  problem  at  large  sweeps  can  be  avoided.  Because 
of  their  zero  eruisedrag  penalty  combined  with  loss  of  landing  Hap  performance  their  application  would 
seem  to  be  on  long  range  aircraft  with  a  low  ratio  of  landing  weight  to  take-off  weight. 

(e)  Tracks  with  Overwing  Fairings 

These  avoid  the  lateral  support  problems  at  high  sweep  as  support  can  be  provided  outside  the  fairing,  but 
within  the  wing  profile  front  the  upper  shroud  skinning.  There  will  of  course  be  aerodynamic  losses  of 
landing  flap  performance.  There  may  be  a  case  for  their  use  intermediate  between  underwing  tracks  and 
within  the  profile  tracks.  The  fairings  will  usually  be  rather  smaller  than  the  corresponding  underwing 
track  scheme,  since  a  considerable  part  of  the  track  depth  may  be  contained  within  the  wing  profile  above 
the  Hap  stowed  leading-edge. 

There  is  another  feature,  aimed  at  maintaining  the  quality  of  flow  through  the  slot  of  the  flap.  This  is  the 
deflected  lower  shroud.  Often,  for  a  variety  of  reasons,  there  is  a  portion  oT  wing  profile  between  the  rear  spar  and 
the  stowed  flap  leading-edge.  This  piece  of  skin  may  be  rotated  trailing-edge  up,  in  order  to  give  a  less  tortuous 
path  to  the  air  that  will  later  pass  through  the  slot.  In  the  case  of  slotted  and  multi-slotted  flaps,  with  an  upper 
shroud  point  at  about  HOT  chord  there  may  be  benefits  at  both  take-off  and  landing.  The  F.28  with  a  Fowler-type 
flap  has  a  more  elaborate  arrangement.  The  author  is  of  course  unaware  of  Messrs.Fokkers  reasons  for  this  device, 
but  would  assume  that  the  principal  benefit  is  likely  to  be  a  drag  reduction  with  take-off  flap  settings. 


6.  DRAG  AT  HIGH  LIFT 

Over  the  recent  years,  two  considerations  have  seriously  increased  the  aerodynamicist’s  problem  in  the  estimation 
of  the  drag  of  transport  aircraft  with  high-lift  devices  extended.  The  foremost  of  these  is  the  increasingly  competitive 
climate  in  which  take-off  performance  guarantees  have  to  be  given  in  advance  of  High!  test.  The  other  is  the  increase 
m  C(  at  which  the  drag  estimate  is  required.  This  has  shifted  the  emphasis  from  terms  that  arc  relatively  easy  to 
estimate,  to  terms  which  are  less  easy  to  estimate  from  first  principles  and  at  the  same  time  are  difficult  to  extract 
from  empirical  analysis  of  model  tests. 

Figure  2o  shows,  roughly  to  scale,  a  typical  drag  breakdown  in  a  take-off  case.  This  has  been  drawn  up  on  the 
assumption  that  (',  x  in  the  take-off  configuration  is  of  the  order  of  2,  whereas  10  years  ago  was  a  more 
likely  figure.  It  will  be  seen  that  the  modulus  of  the  terms  stepped  off  within  the  circled  area  now  predominate 
over  those  stepped  off  at  (',  =  0  .  whereas  in  the  case  for  an  earlier  era  the  reverse  is  the  case. 
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The  terms  stepped  off  at  the  left-hand  side  are: 

(a)  Clean  aircraft  low-lift  profile  drag. 

(b)  Flap  low-lift  drag  which  will  increase  somewhat  with  Hap  size. 

(c)  Slat  low-lilt  drag  if  appropriate. 

(d)  Vortex  Drag  term  in  (ACL)2  in  which  the  increase  in  AC'L  will  be  roughly  offset  by  the  effect  of 
increased  flap  span. 

The  terms  that  are  indicated  at  the  right-hand  side  of  the  diagram  and  which  have  increased  markedly,  include: 

(a)  Vortex  drag  terms  in  in  excess  of  C2/ 7rA. 

(b)  Vortex  drag  term  in  CL  ACL  . 

(c)  Lift-dependent  profile  drag,  slats  and  flaps  extended. 

(d)  Excess  of  wing  lift  over  weight  owing  to  download  on  tailplane. 

(e)  C2  T  terms  in  tailplane  drag. 

(0  Wing  to  tailplane  interaction. 

(g)  Rudder  drag  in  engine-out  case. 

There  are  too  many  terms  in  this  group  to  allow  formal  separation  from  flight  tests.  One  therefore  must  rely 
considerably  on  model  tests  either  of  the  aircraft  in  question,  or  generalised  model  tests,  's  a  basis  of  estimation; 
however,  several  of  the  terms  are  likely  to  be  Reynolds  number  dependent.  Also,  at  h;gh  lift  the  corrections  that 
have  to  be  applied  to  model  results  for  constraint,  support  interference  etc.  are  sufficiently  important  to  make  the 
general  correlation  of  a  wide  range  of  model  tests  a  rather  dubious  procedure;  since,  except  for  “in  house"  testing, 
sufficient  confidence  in  the  corrections  used  may  be  lacking.  Tunnel  to  flight  comparisons  on  existing  aircraft  are 
therefore  extremely  important  in  the  assessment  of  new  projects. 


7.  STALL  “FIXING”  AND  LEADING-EDGE  INTERRUPTIONS 

In  the  last  part  of  this  lecture  we  will  describe  typical  patterns  of  flow  breakdown  in  three  dimensions.  This 
is  in  the  context  of  conventional  transport  aircraft  for  which  the  handling  requirements  are.  in  effect,  that  at  the 
stall  there  shall  bo  a  nose-down  pitch  which  is  sufficiently  strong  as  to  be  unmie'^kable.  that  any  lateral  disturbance 
shall  be  readily  controllable  to  within  about  30°  of  roll,  and  that  there  shall  be  warning  to  the  pilot  of  the  approach 
of  the  stall  in  the  form  of  buffet. 

In  fact,  a  considerable  number  of  modern  aircraft  types  do  not  have  adequate  pre-stall  buffet  from  aerodynamic 
sources,  and  it  is  provided  by  means  of  an  electrically-driven  stick  shaker.  Historically,  before  the  coming  ol  the  jet 
engine  it  was  much  more  common  for  aircraft  to  have  adequate  pre-stall  buffet,  though  even  in  the  late  1930  era 
single-engined  aircraft  using  NACA  23012  had  started  the  trend.  The  buffet  was  commonly  caused  by  flow  separa¬ 
tion  emanating  from  nacclle-to-wing  junctions  or  from  the  rear  of  the  wing-to-fuselage  junction  on  thick  wings.  In 
either  case,  it  seems  likely  that  adequate  development  work  in  these  areas  could  have  increased  C'Lmax  and  at  the 
same  time  reduced  or  eliminated  the  pre-stall  buffet.  Thus  it  can  be  argued  that  absence  of  such  buffet  should  now 
become  almost  a  design  aim,  when  striving  for  high  values  of  CLmax  . 

Similarly,  the  nose-down  pitch  on  a  small  number  of  aircraft  has  been  produced  or  augmented  by  artificial 
means,  that  is  by  “stick  pushers”.  However,  recourse  to  “stick  pushers"  poses  a  much  more  serious  problem  from 
the  point  of  view  of  safety  and  system  reliability  than  does  the  shaker,  and  it  seems  to  be  worth  considerable  effort 
on  the  part  of  the  aerodynamicist  to  provide  the  nose-down  pitch  by  aerodynamic  means. 

The  lateral  requirement  is  in  effect  a  requirement  for  nothing  to  happen,  and  the  author  is  unaware  of  any 
artificial  aid  capable  of  making  up  for  aerodynamic  short-comings  in  this  respect. 

Figure  16  shows  the  wings  of  some  Hawker  Siddeley  aircraft  developed  during  the  last  15  years.  All  four  of 
these  have  stick  shakers  to  avoid  the  necessity  of  providing  pre-stall  buffet.  All  four,  if  flown  without  fences  (or 
in  the  case  of  the  Comet  4C  without  the  pinion  tank)  and  without  deliberate  degradation  of  the  inboard  leading-edge, 
would  have  an  outboard  wing  stall  and  unsatisfactory  lateral  and  longitudinal  characteristics.  With  the  configurations 
illustrated,  the  flow  separations  during  normal  stall  demonstrations  for  certification  purposes  are  confined  to  the 
inboard  wing;  the  wing  in  the  region  of  the  aileron  docs  not  suffer  separated  flow  during  these  stalls.  In  all  these 
cases  a  spoiler  of  some  sort  is  provided  to  produce  an  inboard  stall  before  the  tip  would  otherwise  have  stalled,  and 
a  fence  or  other  device  is  used  to  prevent  the  spread  of  this  stall  to  the  aileron  and  tip  region.  In  the  case  of  the 
Comet  4C  the  pinion  tank  serves  instead  of  a  fence,  but  it  must  be  noted  that  considerable  development  effort  was 
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required  to  suppress  premature  separations  assoeiateil  with  the  tunk-to-v/ing  junction.  A  large  fillet  is  needed  on  the 
inboard  Mile;  this  fillet  has  considerable  nose-down  camber  and  also  a  fixed  "letter  box"  slot.  The  use  of  spoiler 
type  devices  that  are  adjustable  during  development  Hying,  rather  than  relying  on  basie  aerofoil  section  variation  to 
plumule  the  inboard  wing  stall,  ensures  that  only  a  minimum  loss  of  (’L  x  's  suffered  below  the  value  defined 
In  file  outer  wing  stall. 

I  lus  minimised  "stall  fixing"  loss  can  on  occasion  get  hidden  in  the  effect  of  Reynolds  number  when  comparing 
wind-tunnel  results  with  flight  results.  T  he  ehord  near  the  tip  is  typically  about  one-third  of  the  foot  chord  of  the 
wing.  At  flight  Re  number,  the  resulting  change  of  Reynolds  number  has  but  a  small  effect  on  CLmax  available 
on  the  outboard  wing  relative  to  the  inboard  wing.  At  model  Reynolds  numbers,  if  these  are  sufficiently  low,  this 
ratio  will  cause  a  much  more  serious  degradation  of  the  tip.  If  then  a  model  of  the  aircraft  including  the  “stall  fix” 
devices  is  being  tested  at  a  low  Reynolds  number,  the  model  may  well  have  an  outboard  wing  stall.  The  model  with 
the  "stall  fix"  devices  removed  would  show  substantially  the  same  value  of  C'lmax  ,  but  the  corresponding  full-scale 
value,  if  it  could  be  measured  in  such  a  configuration,  would  have  increased;  thus  the  "stall  unfixed”  configuration 
might  have  the  scale  effect  suggested  by  section  data  for  the  outer  wing  section,  whilst  the  "stall  fixed”  configuration 
would  have  rather  less  scale  effect 

While  suppression  of  the  outboard  wing  stall  is  a  necessary  requirement  for  satisfactory  lateral  behaviour  it  is 
not  sufficient;  when  is  sufficiently  high  for  there  to  be  a  substantial  loss  of  lift  after  the  stall,  it  is  also 

necessary  for  the  inboard  wing  stall  to  develop  symmetrically.  There  are  indications  that  this  becomes  more  difficult 
to  ensure  as  f'Lmax  's  increased. 
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TABLE  I 


Type  of  Flap 

Method  of  producing  low  pressure  at  rear  of 
main  surface. 

Plain  flap  with 
attached  ftow 
(small  angles) 

Substantially  potential  ftow  round  knuckle. 

Plain  flap  with 
separated  ftow 

Analogous  to  base  pressure. 

Split  flap 

Base  pressure. 

Blown  flap 

Substantial^  potential  flow  round  knuckle  with 
small  entrainment  sink  effects. 

Jet  flap 

Substantially  potential  flew  round  knuckle  plus 
appreciable  entrainment  sink  effect. 

Slatted  flap 
(all  types) 

Suction  field  associated  with  suctions  on 
forward  part  of  flap. 

Type  of  Flap 

Treatment  of  main  surface  boundary  -  layer 
downstream  of  flap  knuckle. 

Plain  flap  with 
attached  ftow 
(smal  angles) 

Ordinary  entrainment  of  external  stream  into 
boundary  -  layer  enables  small  pressure  rises  to 
be  traversed. 

Plan  flap  with 
separated  ftow 

Boundary  layer  separates:  resulting  bubble 
causes  considerable  loss  in  the  lift  increment - 
flap  angle  relation. 

Split  flap 

“Knuckle*  is  at  tr ail ing-edge  :  poor  lift  increment 
flap  angle  relation  as  only  one  surface  is  deflected 

Blown  flap 
and 

Jet  flap 

Jet  momentum  keeps  boundary- layer  unseparated. 

Slotted  flap 
(all  types) 

Boundary- layer  becomes  a  wake  which  is  better 
able  to  traverse  pressure  gradient  owing  to 
absence  of  zero  velocity  (wall )  point. 

Thickening  of  wake  by  pressure  gradient 
causes  some  loss  in  lift  increment  —  flap 
angle  relation. 

. ». . *A 


sri»ntnac2MM 


ta.-Yli'lniir^i'Ai 


Nose- down  rotation  of  slat  reduces  peak  suction  on 
slat  for  given  Cl. 

Flow  through  slot  reduces  peak  suction  on  slat  for 
given  Cl- 

Presence  of  slat  trailing-edge  reduces  peak  suction  on 
main  element  provided  slat  is  not  too  nose  down. 

Presence  of  main  element  leading -edge  produces 
suction  at  slat  trailing-edge. 
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Figure  !S 


Table 


1.  Determine  sectional  Cp  max.  of  clean  aerofoil. 

2.  Adjust  for  sweep  and  spanwise  load  distribution. 

3.  Determine  sectional  Cp  max.  of  section  as  if  it  were  a  leading 
stall  case. 

4.  Aujust  as  in  2. 

5.  Determine  A  CL"(oC  =  o)for  various  flap  angles. 

6.  By  some  means  assess  whether  >c:  max,  for  the  leading  edge 

limited  case  should  differ  appreciably  from  5  (a'  +  2 )/ A*.' 

7.  Assess  any  further  losses  near  maximum  useable  flap  angle. 

8.  Through  clean  wing  Cp  max.  draw  kc^"  max./&ACp"  at  value  of  about 
1.05. 

9.  Through  notional  "leading- edge  stall  Cp  max.  "  draw  i  CL"  max.  /*ACi! 
Cp"  at  value  of  2  (A"  +  2)/A"  or  slightly  less,  from  experience  of 
similar  configurations. 

10.  Draw  in  further  rounflng  near  maximum  flap  angle. 


Figure  19 


Talk  V 

Loading-Edge  Devices 


Group  1  Acts  by  changing  the  pressure  distribution. 

1.  Leading-Edge  Flap 

2.  Fixed  Leading- Edge  Shape  Modification 

3.  Ki-ueger  Flap 

K.  "Slat  without  Slot" 

Group  2  Acts  on  Boundary- Layer 
5.  Tangential  Blowing 
b.  Boundary-Layer  Suction 

7.  "Letter  Box"  Slot 

8.  Vortex  Generators 

Group  3  Combined  Action 

9.  Handley  Page  Slat 

10.  Krueger  Slat 

11.  Leading-Edge  Flap  with  Vortex  Generators  on  Knuckl 

Figure  23 


3.  LEADING-EDGE  FLAP 


2.  KRUEGER  FLAP 


3.  FIXED  LEADING-EDGE 
MODIFICATION 


S.  HANDLEY  PAGE  SLAT 


4.  SEALED  SLAT 


6.  KRUEGER  SLAT 


Figure  24 
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Figure  25 


CLEAN  AIRCRAFT  C 


SUMMARY  OF  DISCUSSION 


relating  to 

AERODYNAMICS  OF  MECHANICAL  HIGH-LIFT  DEVICES 

1.  Basis  and  Extrapolation  of  Figure  19  of  Paper 

The  curves  were  not  measured  at  constant  Mach  number,  since  the  measurements  were  made  in  an  unpressurised 
tunnel.  If  the  curves  were  extended  to  even  higher  Reynolds  number  by  further  increasing  tunnel  velocity,  then  the 
Mach  number  effect  would  become  predominant  and  the  curves  would  turn  down,  If,  however,  they  could  be 
extended  without  increase  in  Mach  number  (either  by  chord  increase  or  tunnel  density  increase),  the  lecturer  was 
confident  that  C,  max  would  continue  to  increase,  though  possibly  at  a  fairly  modest  rate. 

2.  Effect  of  Surface  Discontinuity  on  the  Main  Element  Upper  Surface  of  a  Wing 
with  Handley-Page  Slat 

The  lecturer  had  no  data  to  quote  on  this,  but  noted  that  three  different  aircraft  manufacturers  have  adopted 
three  different  solutions.  The  BAC  VC  10  has  no  discontinuity  when  the  slats  are  extended,  accepting  a  penalty  in 
cruise  drag.  A  version  of  the  Boeing  737  has  a  step  of  about  0.060  in.,  while  the  H.S.I21-2E  has  a  sloping  ramp  at 
about  30°  to  the  adjacent  surface  and  about  0.20  in  higher.  This  divergence  of  approach  could  probably  be  taken 
as  indicating  that  the  losses  are  neither  negligible  nor  enormous. 

3.  Application  of  Lifting-Surface  Theory  for  Investigation  of  High-Lift  Devices 

In  the  calculation  of  the  lift  in  the  unstalled  case  due  to  incidence  and  flap  angle,  improved  lifting  surface 
theory  might  result  in  some  small  increase  in  accuracy,  especially  at  low  aspect-ratio.  However,  in  the  estimation  of 
CLmay  at  moderate  and  high  aspect-ratios,  there  are  so  many  other  items  of  doubt  that  a  small  improvement  in 
the  estimation  of  the  unstallcd  potential  flow  does  not  seem  to  be  of  prime  importance. 

4.  Value  of  ACLmax  due  to  Vortex  Generators  on  the  H.S. 121-1  Aircraft 
The  lecturer  though  the  ACLmax  was  of  the  order  0. 1 . 
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High-lift  devices  have  achieved  a  great  signlfance  for  take-off  and  landing  of  modern  aircraft 
because  of  the  steadily  increasing  wing-loadings  and  the  limitations  of  the  runway  lengths.  An 
introductory  survey  of  pneumatic  boundary-layer  and  circulation  control  schemes  for  increasing  maaimum 
lift  is  given.  The  physical  background  of  boundary-layer  control  by  suction  and  blov/ing,  and  of 
supercirculation  and  slipstream  effects,  is  described;  also  the  aerodynamic  efficiency  of  the 
different  devices  is  estimated  by  theoretical  approaches.  Finally,  practical  applications  and 
performance  evluation  of  pneumatic  devices  are  discussed. 
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1 .  INTRODUCTION 

Aa  we  learned  in  the  preceding  lecture  from  Mr.  McRae,  meoh.mical  high-lift  devioes  have  been 
developed  very  thoroughly,  so  that  mechanical  flaps  are  in  widespread  use  on  all  production  aircraft  of 
today.  Often  the  mechanical  flaps  are  arranged  in  a  very  sophisticated  manner,  with  a  system  of  flaps 
looated  at  the  leading-edge  as  well  as  at  the  trailing-edge  of  the  wing,  producing  remarkable  gains  in 
lift.  Although  lift  ooeffloients  up  to  3.0  and  more  have  been  achieved,  the  efficiency  of  such 
mechanical  flaps  is  limited.  The  well-known  reason  is,  that  steep  adverse  pressure  gradients  in  the 
pressure  distribution  lead  to  boundary-layer  separation,  if  the  angle  of  attack  or  the  angle  of  flap 
deflection  is  increased  too  much.  But  there  exists  a  still  greater  need  for  additional  lift,  beoause  of 
the  steadily  increasing  wing  loadings  of  modem  aircraft  on  the  one  hand  and  the  take-off  and  landing 
requirements  on  the  other.  A  low  minimum  speed  during  landing  demands  a  high  value  of  CTim  ,  when  the 
wing  loading  is  prescribed: 


(V  =  speed,  p  =  air  density,  W/S  =  wing  loading,  =  lift  coefficient) 

The  influence  of  the  higher  wing  loading  has  to  bo  compensated  by  higher  maximum  lift  values,  in  order 
to  keep  the  lengths  of  the  runways  within  reasonable  limits.  Especially  for  STOL  (Short  Take  Off  and 
Landing)  aircraft,  high  maximum  lift  values  are  needed  during  the  starting  and  landing  phases. 

So  further  methods  have  been  developed  for  increasing  lift  by  artificial  means,  based  on  pneumatic 
devioes;  namely  boundary-layer  control  (BLC),  circulation  oontrol  and  the  Jet-flap  principle.  These 
methods  have  become  of  special  Interest  beoause  aircraft  now  commonly  incorporate  jet-engines  for 
propulsion. 

A  rough  idea  of  the  effect  of  boundary-layer  control  may  be  seen  in  Fig.  1 ,  which  shows  the  flow 
patterns  around  three  body  shapes;  namely  (a)  eiroular  oylinder,  (b)  aerofoil,  (o)  diffuser.  On  the 
upper  Figures  the  real  separated  flow  ia  Illustrated  and  on  the  lower  ones  the  artificially  attached 
flow  is  described.  In  all  three  oases  the  steep  adverse  pressure  gradient  at  the  rear  part  of  the  body 
causes  the  flow  to  separate  from  the  wall,  which  leads  to  a  considerable  pressure  drag  for  the  cylinder, 
to  a  loss  of  lift  for  the  aerofoil  and  to  a  loss  of  pressure  for  the  diffuser.  By  suction  through  a 
slot  the  separation  is  avoided. 

In  Fig.  2  a  review  is  given  on  some  remarkable  dates  in  the  history  of  boundary-layer  oontrol.  The 
idea  of  BLC  is  as  old  as  the  concept  of  boundary-layer  itself,  since  L.  Prandtl  (l)  showed  already  in 
his  fundamental  work  of  1901*  that  on  a  cirouiar  oylinder  the  inviscid  flow  with  corresponding  lift  foroe 
oan  be  realized  by  boundary-layer  suction.  Besides  suction  there  are  other  effeotive  methods  for 
boundary-layer  oontrol,  as  for  instance  moving  of  the  wall  and  tangential  Jet  ejeotion.  A  comprehensive 
review  of  the  early  German  contributions  on  this  field  has  been  given  by  A.  Betz  in  his  article  to  the 
most  important  Handbook  of  "Boundary-Layer  and  Flow  Control"  edited  by  G.V.  Lachmann  (2),  As  a  first 
aeronautioal  application  of  BLC,  the  slat  (after  Betz,  Lachmann  and  Handley  Page)  became  known  in  1922. 
Only  a  few  years  later  the  problems  of  lift  augmentation  on  aerofoils  by  means  of  suction  were 
investigated  very  successfully  by  J,  Aokeret,  0.  Sohrenk  and  B.  Regensoheit  at  the  AVA  in  Gottingen.  On 
the  basis  of  this  researoh  work,  two  suotion  aeroplanes  AF1  and  AF2  were  built  by  the  AVA  Gottingen  in 
the  year  1940.  As  we  shall  see  later,  the  slotted,  wings  of  these  researoh  airoraft  were  tested  in 
flight  with  great  suooess.  From  about  1940,  the  increase  of  lift  by  means  of  blowing  a  thin  jet  over 
the  trailing-edge  flap  was  investigated  by  W.  Sohwier  at  the  AVA,  also. 

After  the  war,  BLC  investigations  were  continued  in  England  by  J.  Williams  (2)  and,  his  collaborators 
at  the  NPL  and  RAE,  in  France  by  R.  Legendre,  Ph.  Poisson-Quinton  (k)  and  M.  Roy  from  ONERA,  and  in  USA 
whore  for  instance  continuously  distributed  suotion  was  investigated  by  A.  Rasps t.  But  in  Europe,  as 
well  as  in  USA,  more  and  more  emphasis  was  put  on  BLC  by  blowing  Instead  of  suotion,  beoause  the  Jet 
engine  readily  provided  a  supply  of  high  pressure  air. 

At  the  third  ICAS-Congress  in  Stockholm  in  1962,  H.  Sohliohting  (3)  gave  a  survey  of  the  research 
work  which  had  been  done  40  far  in  Germnay,  in  the  field  of  increasing  high-lift  by  artificial  means. 

F.  Thomas  (4),  (5)  has  also  given  another  leoture  about  the  same  subject  here  at  the  von  Karman 
Institute  in  1967  and  1968.  It  should  be  mentioned  that  most  of  the  figures  presented  in  this  leoture 
are  taken  direotly  from  H.  Sohliohting  and  F.  Thomas,  to  whom  I  wish  to  express  my  thanks. 

Detailed  lists  of  references  of  the  very  extensive  literature  in  this  wide  field  of  researoh  may  be 
found  in  Refs.  2,  3,  4,  5,  and  in  the  Proceedings  of  the  NASA  Conference  on  V/STOL  Airoraft  (6);  as  well 
as  in  "A  Review  of  the  Jet-Flap"  compiled  by  G.K.  Korbaoher  and  K.  Sridhar  (7). 

2.  PHYSICAL  BACKGROUND  OF  BOUNDARY-LAYER  CONTROL 

In  order  to  adjust  the  wing  section  of  an  aeroplane  to  the  changing  flight  conditions,  the  angle  of 
attack  oan  be  inoreased  and  the  trailing-edge  flap  oan  be  deflected.  There  are  two  regions  on  an 
aerofoil  where,  at  high  angles  of  attack  or  flap  defleotion,  flow  separation  becomes  imminent;  near  the 
wing  nose  (especially  for  thin  profiles)  and  olose  to  the  flap  hinge  (Fig.  3).  Because  of  frictional 
losses,  the  kinetic  energy  of  the  boundary-layer  fluid  is  not  sufficient  to  ovoroome  the  strong  adverse 
pressure  gradients,  so  the  flow  separates  from  the  wing  surface.  The  flow  separation  indioates  an  upper 
limit  for  the  greatest  attainable  lift  coefficients.  There  are  two  basic  methods  available  for 
preventing  separation  and  augmenting  maximum  lift  by  pneumatic  means 

(a)  Removing  the  low  energy  fluid  from  the  boundary  by  suotion  through  slots  or  holes. 


(b)  Accelerating  the  low  energy  fluid  by  blowing  high  energy  flow  Into  the  boundary-layer. 

This  1b  demonstrated  in  Fig.  4. 

>.  BOUNDARY-LAYER  CONTROL  BY  SUCTION 

As  already  mentioned,  the  earliest  method  tr.  aroid  flow  separation  oonsists  of  sucking  the 
develerated  fluid  from  the  boundary-layer  through  slots  into  the  interior  cl  the  wing.  In  this  way  the 
mainstream  flow  from  outside  the  boundary-layer  is  drawn  near  to  the  wall  (Pig.  4b),  and  ths  lift 
coefficients  predicted  by  potential  flow  theory  oan  thus  be  achieved.  As  the  energy  for  the  suotion  has 
to  be  supplied  by  a  separate  power  unit,  we  must  find  the  most  effective  arrangement  for  the  suotion 
system,  so  that  the  required  power  is  as  small  as  possible.  This  means,  we  rre  looking  for  the  minimum 
suction  quantity  of  air  whioh  is  just  great  enough  to  avoid  aeparation  completely.  The  intensity  of  the 
suction  is  usually  given  by  the  volume  parameter 


“Q 
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where  Q  ie  the  total  suotion  quantity  of  air,  UTO  is  ths  velocity  of  the  mainstream  and  S  the  wing  area. 
Wind-tunnel  tests  have  shown  that;- 


(a)  Continuously  distributed  suotion  through  the  porous  surface  of  an  aerofoil  is  more  effective  than 
sucking  through  single  slots  (8) . 


(b)  The  suotion  sone  should  bo  situated  very  close  to  the  nose  of  the  wing  or  knee  of  the  flap,  where 
at  large  angles  of  incidence  or  flap  deflection  a  steep  pressure  minimum  oooura. 


3*1  Nose  suotion 


In  Pig.  5  and  Pig.  6  ths  superiority  of  continuously  distributed  suotion  is  demonstrated  on  a  swept 
wing  with  a  thin  profile,  which  was  tested  in  a  wind-tunnel  by  E.D.  Poppleton  (10).  A  gain  in  lift  of 
ACLmax  0-7  is  achieved  in  the  case  of  continuously  distributed  suotion  with  a  volume  ooeffioiant  of 
Cq  a  0.003,  whereas  in  the  aass  of  auction  through  a  single  slot  Cq  =  0.012  is  needed  (Fig.  5a).  By 
doflectlng  the  trailing- edge  flap,  the  two  effeots  of  noee  suotion  and  flap  deflootion  oan  be  added  and 
a  still  higher  maximum  lift  is  produced  (Fig.  5b).  In  Pig.  6,  the  lift  gains  due  to  suotion  are  plotted 
against  the  volume  parameter  Cq.  Here,  it  turns  out  again  that  continuously  distributed  suotion  is 
superior  to  the  suction  through  single  slots.  Moreover,  a  wide  slot  seems  to  be  better  than  a  small  one. 


Another  example  for  nearly  continuously  distributed  nose-suction  is  given  in  Pig.  7.  In  the  region 
of  \5%  of  the  chord  length  0,  the  wing  aurfaoe  is  perforated  by  a  large  number  of  olosely-spaoed  holes 
of  0.5  mm  diameter  and  of  density  13  holes  per  square  oentimeter.  For  the  wing  without  flap  deflsotion, 
the  siaximum  lift  is  increased  from  0.8  to  I.65  with  a  volume  coefficient  of  only  Cq  *  0.006;  while  with 

ases  from  1.7  to  2.5  with  the  same  Cq. 


flap  deflootion  =  45  ,  the  C^,^  increases 


The  pressure  distributions,  presented  in  Pig,  8  for  an  angle  of  attack  a  »  23°,  show  the  strong 
influence  of  BLC  by  suotion  near  the  nose  of  the  profile.  Furthermore,  it  is  dearly  seen  that  the 
volume  parameter  Cq  oan  be  the  smaller  the  oloser  ths  suotion  tone  lies  to  the  pressure  minimum.  Pig. 
illustrates  how  the  position  of  the  suotion  sone,  on  a  very  thin  symmetrical  profile  with  continuously 
distributed  suotion,  affects  the  value  of  Cq  required  to  aohieve  a  oertain  lift. 


An  analytloal  method  for  calculating  the  turbulent  boundary-layer  with  continuously  distributed 
suotion  has  been  developed  by  W.  Feohau  (11 ).  Certain  empirical  assumptions  in  this  method,  particularly 
the  dependence  of  the  skin  friction  of  the  turbulent  boundary-layer  with  suotion  on  the  nature  of  the 
porous  wall  as  well  as  on  the  volume  coefficient  Cq,  haa  been  obtained  from  systematic  measurements  by 
W.  Wuest  (9). 


3.2  Trail ing-edge  suction 


An  example  of  suotion  through  one  disorete  slot  at  the  hinge  of  a  flap  is  shown  in  Fig.  10;  typioal 
results  of  this  very  thick  wing  are  shown  in  Pig.  11.  The  effective  camber  of  the  wing  with  defleoted 
flap  is  Increased  by  suotion  and  a  considerable  gain  in  the  maximum  lift  coefficient  (“Cl^j;  =  1 .4)  is 
achieved  with  a  volume  parameter  Cq  =  0.035-  The  efficiency  of  the  flap  with  and  without  suotion  is 
demonstrated  by  Pig,  12.  Separation  oould  be  avoided  for  flap  angles  up  to  75°  and  the  theoretioal  lift 
predicted  by  Glauert's  method  was  reached  for  flap  angles  up  to  40°.  The  oritioal  (minimum)  volume 
coefficient  Cq«,  which  is  required  for  oomplete  boundary-layer  control,  is  plotted  versus  the  flap  angle 
in  Pig.  13.  Tne  experimental  ourve  is  compared  with  a  simple  analytical  method,  following  K.O.  Arnold 
(12).  This  method  is  based  on  the  same  oonoept  elaborated  by  P,  Thomas  for  blowing  over  the  trailing- 
edge  of  a  wing,  which  will  be  discussed  in  more  detail  later. 


BOUNDARY-LAYER  CONTROL  BY  BLOWING 


Por  Jet  propelled  airoraft,  boundary-layer  control  by  blowing  ha*  obvious  advantages  over  BLC  by 
suotion,  sinoe  the  high  pressure  air  supply  for  such  a  blowing  device  is  direotly  available  from  the 
compressor  of  the  Jet  engine.  A  very  thin  Jet  of  high  velocity  is  blom  out  of  a  narrow  slot  parallel 
to  the  wall  into  the  boundary-layer.  The  slots  are  situated  either  near  the  wing  nose  or  dose  to  the 
kne*  of  the  tralling-edge  flap,  ns  is  shown  in  Pig.  14.  The  intensity  of  the  blowing  Jet  is  here 
expressed  by  the  momentum  coefficient 
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rather  than  by  volume  ooeffioient  Cg. 


(mj  »  mama  flow  per  second,  vj  =  Jet  velocity,  qM  =  mainstream  dynamic  head,  s  =  width  of  blowing  slot, 
c  =  chord  length) . 


Fig.  15  shows  the  effeot  of  blowing  over  the  tralllng-edge  flap  and  the  velocity  distribution, 
which  oan  be  expeoted  in  the  boundary-layer  down  stream  of  the  blowing  slot.  The  jet  discharged 
tangentially  to  the  ourved.  wall  of  the  flap  knee  remains  attached  to  the  rigid  surface  according  to  the 
so  oalled  Coanda-effeot.  Turbulent  mixing  and  entrainment  problems  are  of  great  importance  in  this 
oonnootion.  The  high  velocity  jet  accelerates  ths  fluid  near  the  boundary  and,  by  mixing  processes,  a 
boundary-layer  profile  is  developed  which  is  able  to  withstand  the  adverse  pressure  gradient  for  a 
considerable  distance. 


4«1  Tralllng-edge  blowing 

A  typical  example  of  the  lift  increments  obtained  by  blowing  over  the  trailing-edge  flap  of  a  thin 
aerofoil  is  shown  in  Fig.  16  (from  Ref.  13).  When  the  flap  is  defleoted  by  45°,  a  maximum  lift 
ooeffioient  CLmax  of  nearly  2.5  is  aohieved  with  a  momentum  coefficient  C„  =  0.13.  The  smaller  the  jet 
momentum  is  made,  the  smaller  becomes  the  effective  oamber  of  the  aerofoil,  because  the  flow  is  no 
longer  completely  attached. 

There  are  various  possibilities  as  to  how  the  flow  will  behave  under  the  influence  of  the  strength 
of  the  Jet  momentum  blown  over  the  trailing-edge  flap.  This  is  illustrated  in  Pig.  17  (from  Ref.  16). 
When  the  flap  is  defleoted,  we  move  from  curve  (l )  (h*  =  0°)  to  ourve  (2)  (hp  =  60°) .  But  the  lift 
ourve  predicted  by  potential  theory  is  reached  only  if  we  blow  with  a  certain  momentum  Cm  over  the 
trailing-edge  flap.  Here  the  required  minimum  momentum  to  avoid  separation  completely  is  =  0,09 
(independent  of  the  angle  of  attack).  Going  from  curve  (l )  to  curve  (3)  we  observe  that  the  maximum 
lift  is  still  increased,  but  the  corresponding  angle  of  attack  is  reduced.  The  reason  is  that  for  hi#i 
angles  of  flap  deflection  the  flow  already  separates  at  the  nose  of  the  aerofoil  at  low  angles  of  attack. 
By  increasing  the  jet  momentum  beyond  the  value  C„A  needed  for  complete  attachment  the  lilt  is  increased, 
too  (ourve  (5)).  This  state  is  called  superciroulation  or  Jet-flap  effect,  because  the  Jet  of  hi#) 
velocity  is  now  projected  beyond  the  trailing-edge  of  the  flap  and  thus  operates  like  an  extended  flap. 
For  small  values  of  the  momentum  coefficient  the  lift  increase  is  produoed  through  BLC  and  for  large 
ones  through  superoiroulation.  Though  for  large  values  of  the  flow  separates  at  the  nose  of  the 

aerofoil,  it  is  forcod  to  reattech  towards  the  rear  by  the  influenoe  of  the  jet,  so  that  a  large 

separation  bubble  is  established.  As  the  curves  of  the  pitching  moment  show,  the  lift  increase  by  means 
of  blowing  at  the  trailing-edge  is  coupled  with  large  nose-down  pitching  moments.  This  difficulty  leads 
to  a  concept  of  oombined  blowing  at  the  nose  as  well  as  at  the  trailing-edge,  which  is  discussed  later. 

In  Fig.  18  the  increase  in  lift  by  blowing  is  plotted  against  the  momentum  parameter  for  the 

same  aerofoil  as  in  Fig.  17.  In  the  plotting  two  different  ranges  for  eaoh  curve  are  to  be 
distinguished:  at  first  a  very  steep  ascent  of  AC^  versus  Cm  until  the  theoretically  predicted  lift 
(Glauert)  is  reached,  and  then  a  much  slighter  increase  of  lift  beyond  dCLth*  *n  the  f*1"®*  part  of  the 
curves  we  have  boundary-layer  control,  in  the  second  part  superciroulatlon. 

4.2  Analytic  Assessment  of  the  Critical  Momentum  Coefficient  for  Complete  Boundary-Layer  Control 

Beoause  of  the  large  differences  of  lift  slopes  in  these  two  parts,  it  is  very  important  to  know 
the  critical  momentum  coefficient  for  oonplete  boundary-layer  control  giving  the  theoretically 
predicted  lift.  First  of  all  Cm.  depends  on  the  flap  angle  t^,  as  shown  in  Fig.  18,  The  plotting  of 
the  measurements  of  different  authors  indicate  that,  besides  the  flap  angle,  other  parameters  such  as 
the  slot  width  have  obviously  a  strong  influenoe  on  the  quantity  Cm.  ■  The  most  favourable  C^A  -  values, 
i.e.  the  smallest  are  achieved  with  small  slot  widths  and  hence  with  large  blowing  velocities.  In  order 
to  arrive  at  an  analytical  prediction  of  the  momentum  coefficient  required  to  avoid  separation,  F.  Thomas 
(14)  oarrled  out  detailed  measurements  in  the  boundary -layer  behind  a  blowing  slot  with  the  aid  of  a 
special  experimental  set-up.  In  these  experiments,  the  ratio  of  Jet  velocity  Vj  to  external  velooiiy 
Uoo  as  well  as  the  slot  width  were  varied.  Fig.  19  shows  typical  boundary-layer  profiles  measured  at 
various  positions  downstream  of  the  blowing  slot. 

In  order  to  provide  an  analytical  treatment,  the  integral  values  of  the  boundary-layer  theory  are 
formed  for  the  measured  velooity  profiles  in  the  usual  way.  This  means  that  we  obtain  the  momentum  I03S 
thioknsss  0(x)  as  a  function  of  the  distonoe  x  along  the  wall: 

OO 

ePk  *k  =  /  pu  (wk  -  u)  dy.  (4) 

0 

Here,  w.(x)  =  velooily  outside  the  boundary -layer  or  contour  velocity  predicted  by  potential  theory, 
respectively; 

while,  u(y;x)  =  velooity  inside  the  boundary-layer. 

Forming  also  the  momentum  losa  thickness  for  the  jet  at  the  slot  leads  to  the  following  negative 
value: 
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Hence  at  the  slot,  the  momentum  loss  thickness  jumps  by  the  amount  of  dj.  A  typical  example  of  the 
development  of  the  measured  function  d(x)  is  given  in  Fig.  20.  The  curve  for  the  undisturbed  flow 
without  separation  is  indicated  by  dQ(x).  The  ourve  with  blowing  follows  the  undisturbed  ourve  at  first, 
then  at  the  slot  it  falls  abruptly  by  the  amount  dj.  Immediately  downstream  of  the  slot  there  follows  a 
strong  increase  in  momentum  loss  thickness  due  to  very  strong  wall  friction.  Beyond  a  distanoe  of  about 
x  =  150  s  behind  the  slot,  the  ourve  d(x)  runs  again  parallel  to  the  non-separated  ourve  d  (x)  without 
blowing.  As  a  measure  of  the  loss  in  momentum  immediately  behind  the  slit,  a  "momentum  efficiency"  is 
defined  by 


«(x)  -  «  (x) 
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(6) 


Thus,  the  quantity  (l-Tjd)  corresponds  to  the  loss  in  momentum  oaused  by  the  strongly  Increased  wall 
friotion  shortly  behind  the  slot.  This  lost  momentum  quantity  does  not  contribute  in  accelerating  the 
boundary-layer  tending  to  separate.  Only  the  following  momentum  quantity. 


*b  3  fl(l) "  Vx)  *  Vj’ 


(7) 


serves  the  original  aim. 

The  ratio  nd  is  olearly  dependent  on  the  velocity  ratio  vc/U^.  F.  Thomas  has  found  the  following 
empirical  law  from  these  measurements  (Fig.  20):- 


20 


00  =  0,85  (1 - ^i)  for  v,  > 

VJ  3 

With  Equations  (5),  (7),  (8)  we  obtain  for  the  momentum  coefficient: 

2  6j/o  2  tfg/o 

Cfl  1  "  "jl/Tj  0.85(1  -  *k/»j)2 

Substituting  for  the  velooity  ratio  v y1^,  terms  of  the  momentum  ooeffLoient 
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and  solving  the  quadratio  Equation  with  respect  to  C^,  we  finally  find  the  simple  result: 

2 


V 


(j-53 


Li  s.  \ 


do) 


This  Equation  shows  olearly  the  importance  of  the  slot-width  ratio  a/c  and  of  the  velocity  ratio  w.  ,/U 
of  the  potential  flow  at  the  slot.  In  order  to  get  as  small  values  of  as  possible,  the  following  00 
requirements  should  be  observed:  - 

(a)  small  slot  width  ratio  s/ 0 

(b)  weak  pressure  minimum  at  the  nose  or  flap  knee  to  make  the  velooity  ratio  w.  /U  as  small  as 

possible.  3  °° 

The  procedure  of  estimating  the  orltioal  momentum  coefficient  oy .  i*  demonstrated  in  Fig.  21 . 

First,  Mne  has  to  oaloulato  the  pressure  distribution  on  the  oontour^uf  the  flapped  wing  by  a  method, 
which  is  able  to  reproduce  the  pressure  peaks  near  the  flap  knee,  as  for  instenoe  the  panel  method  of 
J.L.  Hess  and  A.H.O.  Smith  (15).  From  this  calculation  the  velocity  ratio  at  the  slot  w^j/Uoo  is 
aohieved.  Then  the  separation  point  due  to  the  oaloulated  pressure  distribution  is  found  by  known 
methods  of  boundary-layer  theory.  The  separation  point  usually  is  situated  very  close  behind  the 
suotion  peak.  The  thiok  boundary-layer  arriving  from  ahead  of  the  separation  point  is  now  supplied  with 
new  momentum  by  the  jet,  so  that  the  separation  point  is  shifted  rearwards.  If  the  separation  point  is 
to  bo  situated  Just  at  the  trailing-edge  of  the  profile,  then  a  momentum  dg  is  neeessary,  wfaioh  follows 
from  the  theory  of  the  turbulent  beundary-lsyer: 


,-0.2 


■f  =  0.037  -7-I 


aep 


0.8 


(eep  =  separation  point,  TS  =  trailing  edge) 

This  momentum  loss  must  be  compensated  by  the  nat  input  of  the  Jet,  if  separation  is  to  be  avoided. 


The  comparison  of  the  results  of  this  calculation  shows  a  fairly  good  agreement  with  experimental 
results  up  to  the  flap  angle  Ty  =  1*5°  (Fig.  21 ) . 

4.3  Combined  Blowing  over  the  Hose  and  the  Trailing-Edge  Flap 

As  already  mentioned,  the  lift  increase  by  means  of  blowing  ever  the  trailing- edge  of  a  wing  is 
ooupled  with  strong  nose-down  pitching  moments,  which  are  very  objectionable.  Besides  this,  a  certain 
reduction  in  the  range  of  usable  angles  of  attaok  is  oaused  by  an  early  separation  of  the  flow  near  the 
nose,  espeoially  if  thin  aerofoils  are  used.  Attempts  to  overcome  these  difficulties  lead  naturally  to 
the  oonoept  of  oombined  blowing  at  the  nose  as  well  as  over  the  trailing-edge  flap.  Even  in  the  range 
of  superoiroulation  oombined  blowing  is  advantageous,  because  the  same  lift  ooeffloient  oan  be  achieved 
with  a  smaller  total  Jet  momentum.  This  is  shown  in  Fig.  22,  where  the  different  possibilities  of 
additional  BLC  at  the  wing  nose  are  demonstrated. 

Combined  blowing  has  been  investigated  for  instance  by  K.  Cersten  and  R.  Lohr  (l6).  A  typical 
reeult  of  the  wind-tunnel  tests  is  given  in  Fig.  23.  The  momentum  coefficient  at  the  flap  has  been 
fixed  to  Cpv  ■  0.10,  because  this  amount  had  turned  out  to  be  the  critical  aomentua  ooeffloient  Cm.  for 
the  simple  Diown  flap  (Fig.  17),  Now  the  aoaentum  ooeffloient  at  the  nose  has  been  varied.  Thou#i  a 
oertain  gain  in  lift  was  registered,  the  curves  do  not  follow  the  theoretical  predicted  curve,  because 
the  flow  now  tends  to  separate  at  the  knee  of  the  trailing-adge  flap.  This  means  that  the  orltioal 
momentum  ooeffloient  C.^  for  the  trailing-edge  is  not  only  dependent  on  the  angle  of  flap  defleotion, 
but  hers  Cmj^  is  increased  by  increasing  the  momentum  ooeffloient  at  the  nose.  This  leads  to  the 

following  two  questions: 

(a)  What  amount  of  is  required  for  m  given  configuration,  to  avoid  separation  at  the  nose? 

(b)  By  what  amount  is  the  value  C^  raised  due  to  the  blowing  at  the  nose? 

Before  answering  these  questions  we  should  have  another  glance  at  Fig.  23*  For  anglas  of  attaok  smaller 
than  a  ■  0,  blowing  at  the  nose  is  not  required  at  all.  However,  if  there  is  blowing  at  the  nose  at 
suoh  small  angles  of  attaok,  one  obtains  an  increase  in  lift  by  means  of  superoiroulation,  which  can  be 
interpreted  as  an  addition  o amber. 

In  Fig.  24  the  pressure  distributions  shown  have  been  ealoulated  for  the  given  aerofoil  with  a  flap 
defleotion  of  ■  60°,  on  the  assumption  of  invisoid  flow.  The  curves  are  plotted  for  three  angles  of 

attack  (a  a  -5  ,  5°,  15°).  It  is  surprising  that  the  pressure  distributions  along  the  flap  surfaoe  are 

almost  Independent  of  the  angle  of  attaok.  This  is  the  reason,  why  the  orltioal  momentum  ooeffloient 
CpkA  ot  'I"?!0  Flap  blowing  is  also  independent  of  a,  Mainly,  the  minimum  pressure  peak  at  the  nose  it 

increased  by  increasing  the  angle  of  attaok.  Thus  we  must  expect  that  the  orltioal  value  C^A  at  the 

nose  also  will  increase  with  a. 


Next,  the  mothod  for  predicting  the  orltioal  values  of  Cp  (following  F.  Thomas)  is  applied  to  this 
oase  of  oombined  blowing.  The  procedure  ia  demonstrated  again  in  Fig.  25  and  may  be  explained  onoe  more 
for  better  understanding.  From  the  oomputed  velocity  distribution  wj/tt,  the  momentum  loss  thickness 
fl(x)  is  oaloulated  in  the  usual  way.  At  the  slot  the  curve  Jumps  ty  the  amount  of  0.  due  to  the 
momentum  of  the  jet,  aee  Equation  (5).  Immediately  behind  the  slot,  6  asoends  steeply  due  to  the  strong 
friotion  at  the  wall.  After  a  distance  of  about  150  s,  6  runs  again  parallel  to  the  original  ourve,  so 
that  only  a  oertain  amount  dg  of  the  blown  in  momentum  is  left.  d&  corresponds  to  the  wanted  momentum 
ooeffloient  C^,  see  Equation  (10).  Hie  results  of  theory  and  experiment  are  oompared  in  Fig.  26. 

Though  there  are  only  two  measured  points,  we  oan  state  the  following: 

(a)  the  ourve  ia  in  good  agreement  with  the  two  measured  points 

(b)  the  C  ^  values  are  obviously  dependent  on  and  approximately  the  following  relation  holds 


*^ikA  ""  ^UkA^won  +  3 


(11) 


(Note:-  won  «  without  nosa  blowing) 

This  is  astonishing  indeed,  baoauae  one  would  have  expeoted  a  deorease  of  the  C.,^ -value  according  to 
the  additional  blowing  momentum  at  the  nose.  The  explanation  for  this  strange  behaviour  is  that  an 
additional  power  is  obviously  required  in  order  to  pull  the  nose  jet  around  the  deflected  trailing-edg# 
flap. 


In  Fig.  27  the  two  momentum  ooeffioiants  are  varied  systematically  for  the  configuration  of 
\  ■  60°,  a  n  io°,  and  a  oertain  distance  h  of  the  wing  above  the  ground.  The  typioal  behaviour  of  the 
lift  and  pitohing  moment  as  a  function  of  the  momentum  ratio  G, jj/Cjxq  is  shown,  where  C^,  =  +  C„.. 

The  lift  curve  for  C  ^  =  oonat  obviously  have  a  maximum.  If  the  CA  -  value  is  prescribed,  as  for  ^ 
instance  CL  =  2.2,  then  we  find  that  with  blowing  at  the  nose 

(a)  a  much  smaller  total  momentum  is  required, 

(b)  a  ouch  smaller  pitohing  moment  is  produoed. 


I. 


Ill  the  following  Fig.  28  the  corresponding  conditions  of  flow  are  illustrated,  as  obtainod  by  tests  with 
a  tuft  probe.  We  must  differentiate  between  four  ranges: - 

(l)  nose  and  trailing-edge  separation 

1,2)  nose  separation  (bubble),  attaohed  flow  at  TE 

(3)  oonpletely  attached  flow 

(k)  attached  flow  at  the  nose,  separated  flow  at  TE. 

The  two  optimal  points  obtained  in  these  two  graphs  for  a  «  5°  and  10°  are  used  for  the  comparison 
with  the  theory  in  Fig.  26.  For  C^-values  lass  than  these  optimal  ones  we  are  in  the  range  of 
boundary-layer  control,  and  for  those  stronger  than  the  optimal  C^Q-values  we  are  in  the  range  of 
superciroulation.  The  broken  ourves  in  Fig.  28  indioate  the  optimal  blowing  ratio  in  the  range  of 
superoiroulation  and  show  clearly  that,  with  increasing  the  total  momentum,  the  part  which  is  blown  out 
at  the  nose  mi., it  be  increased  likewise  more  and  more.  Obviously,  it  is  favourable  to  blow  out  at  the 
nose  as  much  as  possible,  so  that  a  separation  at  the  trailing-edge  just  is  avoided. 

4.4  Forward-Facing  Flap 

Another  possibility,  to  avoid  the  strong  nose-down  pitching  moments  assooiated  with  trailing-edge 
blowing,  is  the  forward-facing  flap  having  a  single  blowing  slot  in  its  leading-edge,  as  suggested  by 
D.G.  Hurley  (2).  Fig.  29  shows  typical  results  of  this  high-lift  devioe,  which  is  espeoially  suitable 
for  a  thin  wing  having  a  sharp  leading-edge.  Then,  the  flow  separates  from  the  leading-edgw  of  the  wing 
and  reattaches  to  the  leading-edge  of  the  flap  establishing  a  flow  of  the  free  stream-line  type.  As  the 
curves  of  lift  against  momentum  coefficient  show,  there  are  large  lifts  obtained  for  moderate  blowing 
quantities,  while  the  total  drag  assooiated  with  this  scheme  is  not  very  large.  But  it  would  be  very 
dangerous  if  the  pneumatic  devioe  were  to  fail  after  the  spoiler  flap  is  raised. 


4.5  External  Jet-Augmented  Flaps  and  Slipstream  Effeots 

Besides  the  possibility  to  oonduot  the  high  pressure  air  from  the  compressor  of  the  Jet  engine 
inside  the  wing  in  spanwlse  direation,  in  order  to  discharge  it  troa  the  interior  of  the  wing  over  the 
trailing-edge  flaps,  there  exists  an  alternative  method;  the  hot  jet  exhausted  by  the  Jet  engines  is 
deflected  by  auxiliary  flaps  onto  the  trailing- edge  flap  system,  generating  by  that  mmans  boundary-layer 
and  circulation  control  effeots.  This  arrangement,  whioh  may  be  denoted  as  an  external  Jet-augmented 
flap,  is  illustrated  in  Fig.  }0,  which  shows  some  modifications  of  Jet  defleotion  systems.  Apart  from 
the  pure  jet  flap  and  the  internal  Jet-augmented  flap,  two  examples  for  external  Jet-augmented  flaps  are 
presented;  firstly  the  wing  with  a  pod-mounted  jet  engine,  where  the  Jet  exhaust  is  deflected  upwards; 
and  seoondly  a  configuration,  where  the  jet  engine  is  mounted  on  the  upper  side  of  the  wing.  In 
addition,  the  defleotion  of  the  propeller  slipstream  by  means  of  trailing-edge  flaps  is  shown 
schematically.  A  comparison  between  the  effioienqy  of  an  '  upwards -deflected*  Jet  (exhaust  of  a  pod- 
mounted  Jet  engine  (  x  =  -  30°)  on  the  one  hand  and  a  straight-downwards  defleoted  jet  of  the  same 
configuration  on  the  other  is  given  in  Fig.  31  (based  on  wind-tunnel  measurements,  whioh  have  been 
reported  by  Fh.  Poisson-Quinton  in  (2)).  In  both  cases,  the  double-slotted  trailing-edge  flaps  of  the 
swept  wing  were  defleoted  by  an  amount  of  h*  =  45°  and  the  momentum  coefficient  was  C„  =  1  .1  .  It  turns 
out  that  the  straight-forward  oonoept  of  deflecting  the  engine  exhaust  downwards,  in  order  to  obtain  a 
lift  increment  due  to  the  reaotion  foroe  of  the  thrust  (C^  =  sin  x),  is  less  effeotive  than  duoting 
the  exhausted  Jet  through  the  flap  system,  beoause  in  the  letter  case  the  boundary-layer  and  oiroulation 
oontrol  effeots  generate  much  higher  gains  in  lift.  Moreover,  in  the  first  oase,  the  auper-velooities 
ireluced  by  the  Jet  on  the  lower  wing  surface  destixy  a  oertain  amount  of  lift.  For  example,  at  rero 
incidence  and  with  a  defleotion  angle  i  =  90°,  only  65  per  oent  of  the  thrust  of  -  1  .1  oould  be 
recovered  in  form  of  lift.  Superoiroulation  is  superior  not  only  in  respeot  of  lift  but  also  of  drag, 
as  is  clearly  to  be  seen  from  the  lift  coefficients  corresponding  to  Cjj  =  0: 

(a)  external -flow  jet  flap  (x  =  -  30°)  :  Cl  ■  2.7 

(b)  defleoted  Jet  (x  =  60°)  :  Cj.  =  1 .8 

Concluding  this  subject  the  two  arrangements  of  blowing,  either  over  a  flap  from  the  interior  of 
the  wing  or  against  a  double-slotted  flap  by  directing  the  efflux  of  a  pod-mountod  engine  upwards,  are 
compared  in  Fig.  32.  In  this  oase,  a  canard  equipped  with  the  internal  jet-augmented  flap  and  a 
conventional  aeroplane  equipped  with  the  external  one  were  tested,  both  models  having  the  same  swept 
wing.  The  efficiency  is  equivalent  for  both  configurations  regarding  the  lift  over  momentum  as  well  as 
the  drag  over  momentum  plots.  -  In  this  oonneotion  two  reoent  investigations  may  be  mentioned,  oarried 
out  on  a  specific  STOL  transport  aircraft  model  at  the  NASA  Langley  Research  Center  (17),  (18;.  The 
externolly-b'1  own  jet-augmented  flap  is  the  most  promising  oonoept  of  boundary-layer  and  oiroulation 
control,  there  is  no  doubt. 

The  most  advanced  attempt  in  the  field  of  deflecting  the  propeller  slipstream 
flaps  was  undertaken  by  Louis  Breguet,  who  applied  this  idea  in  the  STOL  transport 
"Integral"  and  the  corresponding  production  aircraft  breguet  941 ,  whioh  has  proved 

Fig.  33).  In  this  case  the  wing  of  the  aeroplane  is  immersed  almost  completely  in 

four  propellers,  whioh  are  coupled  with  eaoh  other  beoause  of  safety  requirements, 
portions  are  less  defleoted  than  the  inner  ones  and  also  aot  as  ailerons. 


by  means  of  powerful 
aircraft  Breguet  940 
very  successful  (see 
the  slipstream  of 
The  outer  flap 
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4*6  Jet-Flap 

4.6.1  Two-dimensional  jet-flap  theory 

It  has  already  been  aentloned  that  the  lift  ooeffioient  of  an  aerofoil  oan  be  inoreased  beyond  the 
theoretioal  value  of  the  potential  flow  theory,  if  the  momentum  ooeffioient  becomes  hl^ier  than  the 
oritloal  value  C^.  This  additional  lift  increase  is  much  higher  than  the  reaotion  foroe  of  the  jet 
because  of  the  superoiroulation  effeot.  The  surplus  momentum  is  equivalent  to  an  extension  of  the 
■eohanioal  flap  in  the  fora  of  a  "fluid  flap".  Of  oourse,  it  is  also  possible  to  produoe  a  lift 
increment  duo  to  superoiroulation  by  blowing  a  thin  Jet  sheet  with  high  velooity  direotly  out  of  a  slot 
in  the  trailing- edge  of  a  wing  section  without  using  a  meohanioal  flap  at  all.  This  prinoiple  is  shown 
in  Fig.  34»  together  with  a  typioal  pressure  distribution  generated  on  the  wing  surface  and  in  the  Jet 
behind  the  trailing-edge .  The  Jet  reaotion  force  (j)  may  be  split  up  into  a  lift  component  (J  sin  r,j), 
which  is  smaller  than  the  lift  produoed  by  superoiroulation  (Jp),  and  a  thrust  component  (J  oos  hj).  In 
prinoiple,  it  is  possible  to  blow  the  whole  thrust-efflux  of  the  engines  through  the  trailing-edge  slot 
of  a  Jet-flapped  aircraft. 

The  Jet  sheet,  which  is  inclined  downwards  at  a  certain  angle  hj  to  the  ohord  of  the  aerofoil,  is 
bent  parallel  to  the  mainstream  direotlon  by  the  external  flw.  According  to  the  resulting  curvature  of 
the  jet  aheet,  there  exists  a  pressure  differenoe  between  the  upper  and  the  lower  side  of  the  Jet  layer. 
For  the  theoretioal  calculation  of  the  lift  due  to  euperoiroulation,  this  pressure  differenoe  is  assumed 
to  be  equivalent  to  a  vorticity  distribution.  Hence,  on  the  mean  camber  line  of  the  wing  section 
(0  <  x  *  o)  and  of  the  Jet  aheet  (o  <  x  «  co),  vortloes  are  distributed.  The  strength  of  these  vorticity 
distributions  oan  be  calculated  by  extending  the  aerofoil  theory  due  to  Y.  Bimbaun  and  H.  Clauert.  But, 
contrary  to  simple  aerofoil  theory,  one  has  to  choose  for  the  Jet-flapped  wing  a  vorticity  distribution, 
which  does  not  satisfy  Kutta's  condition  at  the  trailing-edge.  As  the  flow  direotlon  ohanges 
disoontinuously  by  the  angle  Uj  at  the  trai.llng-edge  of  the  aerofoil,  the  vorticity  beoomes  singular  at 
this  point  -  quite  similar  to  the  singularity  which  oocurs  at  the  hinge  of  a  hinged  flap. 

In  this  manner,  the  Jep-flap  theory  for  two-dimensional  aerofoils  finally  has  been  formulated  by 
D.A.  Spence  (19),  who  related  the  unknown  curvature  of  the  Jet  sheet  with  the  corresponding  strength  of 
the  vortex  distribution.  Spence  has  made  two  assumptions 

(1 )  no  mixing  of  the  Jet  aheet  with  the  external  flow 

(2)  irrotational  flow  within  the  Jet  sheet. 

Besides  this,  he  showed  that  to  a  good  approximation  the  thickness  effects  of  the  Jet  aheet  oould  be 
negleoted.  As  in  the  oaae  of  the  blown  flap,  the  dominant  parameters  are  the  momentum  ooeffioient  Cjj 
and  the  angle  rj  of  the  Jet  defLeotion.  Now  the  theory  auppoaee  the  vortioity  distribution  and  hence 
the  lift  to  be  linearly  dependent  on  the  angle  of  attack  a  and  the  Jet  angle  rj . ,  whereas  the  dependence 
of  the  momentum  ooeffioient  is  a  non-linear  one.  This  leads  to  ths  following  statement  for  the 
vorticity  K(x): 

K(*)  -  *lo  [Hj  f2(x,C^)j. 

The  functions  f,  and  fg,  which  have  been  determined  onoe  for  all  by  Spence,  have  different  analytical 
expressions  on  ihe  wing  and  in  the  Jet.  The  function  fp  has  a  singularity  at  the  leading-edge  rnd  f,  at 
the  trailing-edge  of  the  wing.  In  order  to  oaloulate  tneee  two  functions,  the  flow  oondition  nut  be 
satisfied  along  the  ohord  of  the  wing  and  the  Jet.  This  oonoept  has  been  extended  to  the  oaee  of 
oasoade  flow  reoently  by  U.  Stark  of  Braunschweig  (not  yet  published). 

4.6.2  Three-dimensional  Jet-flap  theory 

A  first  approximation  for  the  three-dimensional  Jet-flap  theory  was  given  also  by  D.A.  Spenoe.  But 
the  full  theory  to  treat  the  general  oaae  of  jet-flaps  at  wings  with  finite  span  was  developed  by  A.  Dme 
(20).  This  theory  allows  the  oaloulation  of  the  lift  distribution  along  chord  and  span  for  wings  with 
arbitrary  plan  forms  and  distributions  of  jet  momentum  as  well  as  jet  angles,  by  extending  H.  Multhopp’s 
or  E.  Truokenbrodt* a  lifting  surface  theory.  The  oonoept  of  a  continuous  vortioity  distribution  along 
the  ohord  and  span  of  the  wing  is  demonstrated  in  Fig.  35  • 

In  the  three-dimensional  oaae  the  vortioity  distribution  along  the  ohord  is  taken  from  the  two- 
dimensional  theory  of  Spenoe,  but  the  functions  are  generalised  with  respeot  to  the  spanwise  oo-ordinate 
(Fig.  35): 

K(x.y)  *  ^  (x,y,C^)  +a  f2(x,y,C^)]. 


This  vortioity  distribution  oust  be  determined  by  satisfying  the  flow  oondition  on  the  whole  wing: 


u(x.y)  +  a4(x.-'  =  0  . 


Here  o(x,y)  is  the  local  Inoidenoe  given  by  the  geometry  of  the  wing  and  is  the  incidence  induced  by 
the  vortioity  distribution.  Far  behind  the  wing  the  oondition  is  to  be  satisfied  that  the  direotlon  of 
the  Jet  sheet  agrees  with  the  local  flow  direotlon,  which  is  given  by  the  induced  angle  of  attack  in  the 
Jet  sheet: 


fli 

dx 


(z^y) 


aioo(y)  > 


with  zj  as  vertioal  location  of  the  Jet  sheet*  In  the  two-dimensional  oase  the  induoed  angle  cc.  ■  0, 
whereas  for  a  wing  61  finite  span  the  Jet  sheet  far  behind  the  wing  is  no  longer  parallel  to  tne  Bean 
flow  direotion,  but  inclined  downwards  by  the  angle  a^00>  Hie  oonneotion  between  the  vortioity 
distribution  and  the  induced  angle  is  given  by  Biot-Savart*  s  law*  which  leads  to  an  integral  equation 
for  the  vortioity  distribution  K(x,y)  of  the  wing  surfaoe.  With  these  statements  adapted  to  Uulthopp's 
lifting  surface  theoiy,  the  solution  is  obtained. 

A.  Das  has  oaloulatel  numerous  examples  in  15  seotions  along  the  wing  span*  by  solving  a 
corresponding  system  of  24  equations  with  24  unknowns.  In  Tig.  36  the  lift  and  pitching  aoment  along 
the  span  of  a  rectangular  wing  with  Jet-flap  is  presented  (aspect-ratio  2.75).  In  Tig.  36a  the  overall 
values  of  against  Cy  and  in  Tig.  36b  the  local  values  along  span  for  different  values  of  are  given; 
in  the  latter  oase  only  the  contributions  due  to  superciroulation  (C^p  and  C^p)  are  plotted  over  the 
span.  In  all  oases,  the  theoiy  is  in  good  agreement  with  the  experiment.  Furthermore  in  Tig.  37  some 
results  for  delta  wings  are  given.  Fig.  37a  again  shows  the  overall  values  of  lift  as  a  function  of 
for  two  wings  which  differ  only  slightly  in  their  geometry.  The  wing  number  1  has  been  oomputed  by 
A.  Das  and  the  other  with  the  aid  of  the  eleotrolytioal  analog)'  method  of  L.  lialavard;  the  agreement  is 
good.  Fig.  37b  shows  the  distribution  of  the  local  lift  coefficient  along  the  span  of  the  delta  wing 
number  1 .  Here,  two  different  distributions  of  momentum  along  the  span  are  compared: 

(i)  oonstant  distribution  of  the  Jet  momentum  J  •  Pj  Vj2  •  b 

rt 

(ii)  oonstant  distribution  of  the  local  (^-  distribution,  i.e,  ■  (p  v.  /q^Jia/o)  »  oonst  with  e(l) 

and  v  ^(ti)  .  J  J 

For  large  values  of  the  two  different  distributions  lead  to  almost  the  same  ourve  C^. 

5.  PRACTICAL  APPLICATIONS  OF  PNEUMATIC  HIGH-LITT  DEVICES 

The  pneumatio  high-lift  devices  described  in  the  previous  chapter!  are  of  different  values  if  their 
praotioal  application  is  considered.  Low  weight  and  power  requirements,  high  reliability  and  simplicity 
in  design  and  maintenance,  and  last  but  not  least  low  cost,  are  of  great  importance.  In  this  respect, 
the  meohanioal  high-lift  devices  have  ao  maiy  advantages  that  they  are  still  used  exclusively  in  all 
oivil  production  aircrafts.  Today  one  can  find  pneumatio  methods  for  lift  augmentation  only  in  a  large 
number  of  research  aircraft  and  in  military  aircraft;  see  Refs  (21 )  to  (25). 

Boundary-layer  and  circulation  oontrol  by  suction  and  blowing  are  quite  different  in  their 
practioal  application.  Several  suotion  systems  have  been  investigated  in  flight  teats  already  sinoe  the 
late  thirties.  A  typioal  example  is  shown  in  Fig.  38*  These  flight  tests  were  performed  by  F.  Schwarz 
with  the  aeroplane  RW  3a  (gross  weight  =  800  kp,  aspeot-ratio  =  7,6).  In  order  to  keep  the  wing  olear 
of  disturbance  due  to  the  propeller,  a  pusher  airscrew  was  mounted  in  the  oapennage .  The  suotion  sone 
ranged  from  0.04  o  to  0.22  o  and  was  extended  over  the  whole  span.  The  total  perforated  area  with  8600 
drilled  holes  of  0.5  mm  diameter  covered  only  1.2#  of  the  upper  surface. 

Although  considerable  reductions  in  take-off  and  landing  distances  were  obtained,  the  suction 
systaa  has  never  been  applied  to  production  aircraft,  because  there  are  several  disadvantages  oompared 
with  the  bloving  system.  A  separate  pump  is  required,  the  pressures  are  low  and  henoe  very  thiok  ducts 
are  needed,  the  proper  distribution  of  suction  intensity  is  diffioult  to  aohieve,  perforations  are 
diffioult  to  be  manufactured  and  are  sensitive  to  rough  treatment. 

However,  blowing  devices  do  not  show  so  many  disadvantages,  especially  for  Jet  propelled  aircrafts. 
There  is  no  need  of  a  speoial  pump  for  the  air  supply,  the  highly  oompressed  blowing  air  needs  only  thin 
ducts,  the  high  temperatures  of  the  air  oan  be  used  for  de-ioing  and  the  proper  momentum  distribution 
along  the  span  is  easily  obtained  by  applying  choked  slots.  The  simplicity  and  effectiveness  of  this 
reliable  system  have  led  to  a  progressive  use  in  the  field  of  military  airoraft. 

A  praotioal  example  for  the  improvement  in  the  take-off  and  landing  distance,  depending  on  the 
total  thrust  to  weight  ratio  (s  +  Sg)/&,  is  shown  in  Fig.  39  Tor  an  airoraft  with  conventional  double- 
slotted  flaps  oompared  with  an  airoraft  with  blown  plain  flaps  (amount  of  blown  momentum  quantity 
SB  =  0.05  G;.  The  distances  have  been  calculated  by  G.  Streit  and  F.  Thomas  (26)  for  a  oonstant  wing 
loading  of  300  ]q/m2.  It  turns  out  that  a  oertaln  required  distance  for  take-off  and  landing  is 
achieved  with  muoh  less  total  thrust  for  an  airplane  with  blown  flaps  than  is  possible  for  conventional 
airplanes.  Suggestions  have  even  been  made  to  apply  the  Jet-flap  principle  to  helioopters,  which  would 
require  a  continually  changing  deflection  angle  due  to  the  changing  flow  conditions  during  one  oyole. 
Some  possibilities  as  to  how  the  jet  deflection  angle  t  oan  be  ohangsd  are  shown  in  Fig.  40. 

Another  serious  problem  oonneoted  with  eaoh  high-lift  system  is  a  fluctuation  or  breakdown  of  the 
high  lift  due  to  a  failure  in  the  pneumatic  device.  Then  corresponding  to  the  loss  in  lift  the  induoed 
drag  is  reduced  in  the  same  manner  so  that  the  thrust  usually  is  not  able  to  follow.  With  a  jet-flap 
configuration  blowing  nearly  the  full  thrust  out  of  the  trailing-odge  of  the  wing,  then  the  thrust,  the 
lift  Increment  due  to  superciroulation  and  the  induoed  drag  are  coupled  with  one  another.  A  fully- 
integrated  Jet-flap  design  would  even  oontrol  all  manoeuvre  aotions  by  mesns  of  ohanging  either  the  jet 
deflection  angle  or  the  thrust  as  shown  in  Fig.  41  • 
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CONCLUDING  REMARKS 


It  was  intended  to  give  an  introduction  into  the  rather  wide  field  of  pneumatic  high-lift  devioes 
within  a  single  lecture.  Of  course  there  are  many  problems  which  have  not  been  mentioned  at  all,  for 
instance  noise  problems.  Only  the  following  topics  are  briefly  described  in  this  paper: 

(1)  Boundary-layer  oontrol  by  suction  (nose  suction  and  trailing-edge  suction) 

(2)  Boundary-layer  and  circulation  oontrol  by  blowing  over  the  trailing-edge  flap 

(3)  Combined  blowing  over  the  trailing-odge  flap  and  at  the  wing  nose 

(4)  Two-dimensional  and  three-dimensional  jet-flap  theory. 


MO 
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Fig.  1  Flow  pattern  with  and  without  boundary-layer  control  by  suction 

(a)  circular  cylinder 

(b)  aerofoil 

(c)  diffuser 
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Fig. 2  Dates  in  the  history  of  boundary-layer  control  (BLC) 

(a)  BLC'  by  moving  wall 

(b)  BLC  by  suction  or  blowing 

(c)  circulation  control  (Thwaites-flap,  jet-flap) 


rig. 3  Velocity  distribution  ol  an  aerofoil  with  trailing-edge  Hap 

A  =  distribution  for  attached  How 
B  =  distribution  for  separated  How 
C  =  deceleration  region 
a  =  laminar  separation  point 
b  =  separation  bubble 
o  =  turbulent  reattachnient  point 
d  =  turbulent  separation  point 
e  =  reversed  How.  wake 
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Fiji. 20  Momentum  efficiency  t)q  of  the  blowing  jet  as  a 
function  of  the  velocity  ratio  Vj/U,*, 

L-mpirica!  formula  after  F  Thomas  (141  «9j  =  input  of  MLT  by  blowing  jet 

d  =  momentum  loss  thickness  (MLT) 
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Various  configurations  of  jet  deflection 

(a)  Internal  jet  arrangement 

( 1 )  internal  jet  augmented  flap 

(2)  pure  jet-flap 

(b)  External  jet  arrangement 

(1)  external  jet  augmented  flap  with  jet  engine 
mounted  on  lop  of  the  wing 

(2)  external  jet  augmented  flap  with  pod-mounted 
jet  engine 

(3)  deflection  of  propeller  slipstream  by  means 
of  double-slotted  (railing-edge  flap 


-1.0  -0.5 


SO 

25 

20 

15 

10 

05 

ld  15 


Fig.31  Effect  of  jet  deflection  on  lift  and  drag 
Comparison  between  two  arrangements 

(a)  Upwards  deflected  jet  exhaust  (t  =  -30°) 
impinging  on  double-slotted  flaps 

(b)  downwards  deflected  jet  exhaust  (r  =  30°,  b()°,  lK)°) 
Wind  tunnel  results  of  45  deg  swept-back  aircraft  model 
with  pod-mounted  jet  engine  after  Ph.Poisson-Quinton  [21 


SUMMARY  OF  DISCUSSION 


_vvi 


relating  to 

AERODYNAMICS  OF  PNEUMATIC  HIGH-LIFT  DEVICES 


1  .  Theoretical  Methods  for  Predicting  the  Critical  Momentum  Coefficient. 

A  theoretical  method  for  predicting  the  critical  mon.enta.ii  coefficient 

for  complete  boundary- layer  control  in  the  case  of  a  two-dimensional  aerofoil 
has  of  course  been  given  in  the  paper.  However,  an  exact  method  of  calculating 
the  minimum  blowing  momentum  needed  to  prevent  flow  separation  in  the  three- 
dimensional  case  is  still  beyond  the  scope  of  boundary-layer  theory.  Nevertheless, 
the  two-dimensional  method  put  forward  by  F.  Thomas,  \  hicb  is  tinned  on  the  integral 
relationships  of  boundary-layer  theory,  gives  a  first  estimate  for  r •  Then, 
for  example  in  the  case  of  a  swept-back  wing  of  finite  span,  one  lias  to  chose  some 
arbitrary  higher  value. 


2 .  Use  of  Supersonic  Blowing  Speeds 

It  has  been  pointed  out  that  the  most  favourable  condition,  giving  the  smallest 
momentum  coefficient  Cu«  for  avoiding  separation  of  the  boundary-layer,  is  achieved 
with  very  small  slot  widths  and  hence  with  high  blowing  velocities.  However,  overall, 
it  would  not  be  advantageous  to  blow  with  supersonic  speeds.  The  structural 
complication  to  ensure  a  good  jet  sheet  of  supersonic  speed  would  be  considerable, 
and  it  is  already  difficult  to  manufacture  a  simple  convergent  slot  with  constant 
slot  width  and  uniform  momentum  distribution  in  the  spartwise  iirection.  Moreover, 
the  maximum  blowing  velocity  can  be  limitei  by  the  pressure  ratio  available  from  the 
compressor  of  the  jet  engine.  In  fact,  the  lecturer's  opinion  is  that  the  highest 
blowing  velocity  which  seems  reasonable  for  practical  application  is  the  speed  of 
sound . 


3 .  Noise  Produced  by  BLC  or  Jet-flap 

Turbulent  mixing  and  entrainment  processes  are  the  main  reason  for  the 
generation  of  noise,  and  the  noise  energy  grows  proportionally  to  the  eighth  power 
of  the  jet  velocity.  However,  the  shape  of  the  jet  has  also  some  influence;  the 
noise  generated  decreases  with  increase  of  the  ratio  of  actual  jet  circumference  to 
the  circumference  of  the  equivalent  circular  jet  of  the  same  cross-sectional  area. 
In  this  sense,  the  thin  jet  sheet  blown  out  for  boundary-layer  control  or  in  the 
form  of  a  jet-flap  has  a  favourable  circumference  ratio  (i.e.  very  large).  Thus, 
with  BLC  and  jet-flaps  the  noise  generation  is  low  in  comparison  with  the  noise 
produced  by  a  conventional  jet  nozzle,  which  usually  has  a  circumference  ratio  near 
unity . 


4 .  Variation  of  Optimum  Momentum  Ratio  with  C  jji(,  in  Fig.  27  of  the  Paper  and 
Possible  Dependence  on  Reynolds  Number 

For  combined  blowing  at  the  nose  and  at  the  trailing-edge  flap  of  a  NACA  0010 
aerofoil,  Fig.  27  shows  the  lift  plotted  against  the  momentum  ratio  C^j,/C 

where  C^>.„  is  the  momentum  coefficient  blown  out  at  the  nose  and  C  ^ is  the  total 
blow  momentum  coefficient  at  the  nose  and  the  flap  knee.  Each  lift  curve 
(for  =  constant)  shows  a  maximum  at  a  certain  momentum  ratio,  so  that  the 

optimum  blowing  ratio  can  be  identified  (see  dotted  line).  For  example,  with 

small  C  -  coefficients  (C  =  0.15),  the  best  efficiency  is  obtained  at  low 

momentum  ratios  ( C ^ ^/C  ^  =  0.4).  i.e.  more  momentum  is  blown  out  at  the  rear  than 

at  the  nose  of  the  aerofoil;  whereas,  for  high  C.,  -  coefficients  (C  ,, ,,  =  1.5), 

the  optimum  is  obtained  at  high  ratios  (C  ^  ^  =  0.8).  This  dependence  of  the 

optimum  momentum  ratio  on  C  ^ can  be  interpreted  with  the  help  of  Fig.  28.  In 
Fig.  27,  a  configuration  is  represented  having  a  high  angle  of  incidence  (eC  =  10°) 
in  addition  to  the  very  high  angle  of  flap  deflection  (-*£„  =  60°),  In  this  case, 
the  danger  of  a  flow  separation  at  the  nose  in  the  form  ox  a  local  bubble  is 
imminent,  apart  from  the  separation  at  the  trailing-edge  flap.  Thus,  in  order  to 
achieve  completely  attached  flow  at  c i=  10°,  it  is  necessary  to  blow  out  50  per  cent 

of  the  total  jet  momentum  (C^^  =  0.24)  at  the  nose,  whereas  at  oL  =  5°  only  30 

per  cent  of  C  =  0.12  needs  to  be  blown  at  the  nose.  These  two  points  are 
marked  in  Fig.  28.  When  increasing  the  total  momentum  beyond  the  BLC  into  the 
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the  supercirculation  regime,  it  is  more  effective  with  respect  to  the  lift  to 
increase  the  percentage  of  the  nose  momentum  too,  blowing  at  the  flap  knee  only  as 
much  as  necessary  to  avoid  separation  at  the  trailing-edge .  Thi3  is  illustrated  by 
the  .1i  v  ted  lines  in  Fig.  2R.  The  influence  of  the  blowing  at  the  nose  in  the 
supercirculation  regime  may  be  interpreted  as  an  increase  in  the  effective  camber 
of  the  aerofoil.  Attention  should  be  paid  to  the  fact  that  here,  as  in  the  whole 
.uecture,  mainly  very  severe  momentum  coefficients  are  considered  and  the  range  of 
weak  blowing  (say  Cn.  •<  0.1)  is  not  treated  very  thoroughly.  Naturally,  Reynolds 
number  has  some  influence  on  the  whole  mechanism,  but  this  influence  again  is  more 
important  in  the  case  of  weak  blowing. 
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1.  INTRODUCTION 


As  you  know,  variable  geometry  has  been  applied  to  aircraft  design  in  various  forms  for  over  30 
years.  Typical  examples  are  the  undercarriage,  flaps,  airbrakes,  variable-pitch  propellers,  and  variable 
intakes  and  nozzles  for  engines.  Prom  an  airframe  point  of  view,  we  show  in  Fig.  1  some  other  examples 
where  the  wing  or  tailplane  geometry  is  changed,  as  follows. 

(A)  The  first  configuration  is  a  telescopic  wing  tested  in  France  before  the  war  by  Makhonine;  but  this 
idea  was  not  profitable  because  of  the  very  small  performance  gain  for  the  very  complicated 
mechanism  to  translate  the  telescopic  wing. 

(B)  The  second  example  concerns  the  well-known  extension  of  the  wing  surface  by  means  of  the  rearward 
and  downward  movements  of  a  slotted  flap  (Fov;ler-flap  type);  this  sytf&m  has  become  more  and  more 
sophisticated  with  recent  transport  aircraft,  the  most  impressive  being  the  tri-slotted  flap  used 
on  the  Boeing  727. 

(C.  The  next  two  examples  of  variable  geometry  were  proposed  to  improve  some  supersonic  characteristics 
d)  of  high-speed  aix-craft,  mainly  their  yawing  stability  (auxiliary  fins)  and  their  longitudinal 

manoeuvrability  (by  static  margin  reduction);  the  first  one  is  the  well-known  wing-folding-tip  as 
used  on  the  American  B70,  an  experimental  Mach  3  bomber;  the  other  is  a  folding  tailplane  tested 
in  a  wind-tunnel  some  years  ago  by  OMERA,  the  unfolded  tailplane  being  also  used  to  trim  some  high- 
lift  devices  at  a  low  speed. 


(E)  Lastly,  the  most  interesting  variable-geometry  scheme  is  the  variable-sweep  wir 
subject  of  this  paper. 


which  is  the 


It  is  perhaps  worth  recalling  tliat  the  original  concept  for  a  variable-sweep  wing  is  generally 
attributed  to  the  well-known  British  engineer  of  the  Vickers  Company,  Dr.  Barnes  Wallis,  as  early  as  1944. 
By  1951 ,  in  the  United  States,  Bell  Aircraft  had  built  and  FAC  A  had  flown  the  X-5  subsonic  experimental 
aircraft,  while  in  1952  the  Grumman  XF-10-F  aircraft  was  completed  for  the  US  Navy.  By  1958, 

Dr.  Barnes  Wallis  produced  designs  of  variable-sweep  aircraft  where  only  the  cuter  portion  of  the  wing 
was  moved,  the  presence  of  the  fixed  delta-shaped  inner  wing  alleviating  the  changes  of  both  centre  of 
gravity  and  centre  of  pressure  with  sweep;  the  aerodynamic  centre  variation  was  much  less  than  with 
earlier  designs  in  which  the  whole  wing  moved. 

This  new  concept  was  discussed  with  NASA,  who  then  began  extensive  wind-tunnel  and  analytical 
investigations.  Their  primary  aim  was  to  develop  stable  and  controllable  configurations,  with  near¬ 
optimum  performance  at  both  high-speed  and  low-speed.  As  you  know,  these  American  researches  led  to  the 
military  TFX  programme  culminating  in  the  Fill  multi-mission  combat  aircraft,  and  also  to  Boeing 
supersonic  transport  projects. 

In  1963*  the  French  Air  Ministry  asked  O.N.E.B.A.  to  make  a  general  study  (both  theoretical  and 
experimental)  on  the  variable-sweep  principle,  and  asked  the  BRBGUET  Company  to  begin  a  feasibility  study 
of  a  multi-mission  fighter;  in  the  mean  time,  DASSAULT  Company  undertook  a  project,  with  preliminary 
tests  in  various  O.N.E.R.A.  facilities.  Finally,  in  October  1965,  the  DASSAULT  Company  was  asked  by 
the  Frenoh  Defense  Department  to  build  a  prototype  of  a  variable-sweep  aircraft,  namely  the  Mirage  0) 
the  first  flight  took  place  only  two  years  afterwards,  in  November  1967,  and  a  large  part  of  the  flight 
envelope  was  explored  two  months  later. 

Contemporary  project  studies  led  in  Britain  to  the  BAC  advanced  combat  aircraft  concepts  (P45/ACA), 
and  in  Germany  to  the  MPB  Neuen  Kampfflugzeug  (KKF) ,  These  have  of  course  now  developed  into  the 
British/German/Italian  multi-role  combat  aircraft  project  (Panavia  MP.CA). 

Before  beginning  with  my  subject  proper,  namely  high-lift  performance  for  a  variable-sweep  aircraft. 

I  must  stress  that  it  was  quite  difficult  to  prepare  this  paper,  because  a  large  part  of  the  results  on 
variable-6weep  aircraft  development  is  still  classified  in  most  countries.  However,  I  shall  try  to 
explain  some  specific  aerodynamic  problems  encountered  in  variable-Bweep  applications  for:  - 

(a)  Multi-mission  military  aircraft. 

(b)  Supersonic  transport  aircraft. 

(c)  Lifting  bodies  for  re-entry  from  space. 

2.  AER03TNA1.il C  GOALS  OF  THE  VARIABLE-SWEEP  WING 


Our  goal  some  seven  years  ago,  was  to  define  an  aircraft  having,  at  the  same  time:- 

The  lovj-speed  characteristics  of  a  transport  aircraft,  with  its  very  high  aerodynamic  efficiency  at 
sub-critical  Mach  numbers; 


the  high-speed  manoeuvrability  of  a  modem  fighter  in  transonic  flight; 
the  good  aerodynamic  efficiency  of  a  slender  wing  in  supersonic  flight. 


Today,  we  shall  speak  mainly  about  this  first  requirement;  but  it  is  important  to  recall  that,  for 
a  multi -mission  aircraft,  the  fully-swept  wing  configuration  with  70-75°  sweepback  angle  is  also  very 
favorable  for  transonic  low-level  attack,  because  of  the  low  gust  sensitivity  associated  with  the  small 


lift  gradient  cf  this  slender  wing.  On  the  other  hand,  the  high  aspect-ratio  of  the  unewept  wing,  with  a 
leading-edge  sweepback  of  15-25°,  offers  a  favorable  condition  for  good  aerodynamic  efficiency  in 
subsonic  missions  (surveillance,  loiter,  ferry  missions,  etc),  together  with  high-lift  capability  for 
ort  take-off  and  landing. 


first,  we  must  discuss  the  choice  of  the  pivot  location,  which  plays  a  very  important  role  as 
regards  the  aerodynamic  and  the  flying  qualities  of  a  project.  As  shown  on  Fig,  2(a),  with  an  Inboard 
pivot  location  at  the  edge  of  the  fuselage,  the  aerodynamic  centre  moves  rearward  as  the  sweep  angle 
Is  increased.  V.’hen  the  pivot  is  located  at  a  selected  outboard  position,  however,  the  aerodynamic 
centre  for  the  swept  configuration  may  be  at  the  same  location  as  that  for  the  unswept  configuration. 

From  Fig.  2(b),  it  is  evident  that  the  static  margin  becomes  very  significant  with  the  wing  swept  when 
t.ie  pivot  is  inboard.  However,  we  shall  see  that  a  compromise  must  be  adopted  for  the  outboard  location, 
to  preclude  the  risk  of  a  longitudinal  instability  (pitch-up)  at  large  incidence  arising  from  the  up-load 
on  a  large  fixed  apex. 


2.3 


At  the  beginning  of  our  work  in  ONERA,  ws  treated  tills  pivot  problem  theoretically  (Fig.  3),  making 
a  systematic  study  of  a  family  of  winga  having  the  same  unswept  planforra  (trapezoidal  wing  of  aspect- 
ratio  7.5  taken  as  reference  area,  with  leading-edge  sweepback  15°,  taper-ratio  1/3)  and  a  fully-swept 
position  with  70°  sweep-back.  Y.’e  have  analysed  various  locations  of  the  pivot  along  the  span  and  also 
along  the  local  chord,  six  locations  being  tested  in  detail  for  three  or  four  sweep  angles  by  the 
rheo-electric  analogy  method  in  a  three-dimensional  tank.  The  main  conclusion  of  this  theoretical 
approach,  now  well  confirmed  by  wind-tunnel  tests,  is  summarised  in  Fig.  4,  The  centre  of  pressure 
shift  between  the  two  extreme  sweep  angles  (15°  and  JO0)  varies  almost  linearly  with  the  spanvdse 
location  of  the  pivot.  7,'ith  an  outboard  pivot  located  at  about  30  per  cent  of  the  span  of  the 
trapezoidal  wing,  the  centre  of  pressure  is  exactly  at  the  same  position  for  these  two  extreme  sweep 
angles.  On  the  same  Figure,  the  lift  gradient  C of  the  slender  configurations  is  seen  to  be  about 
half  the  value  obtained  in  the  unswept  wing  position.  It  is  also  important  to  notice  that  the  fixed- 
apex  surface,  on  the  front  of  the  trapezoidal  wing,  grows  when  the  pivot  is  more  outboard  along  the 
span. 


These  same  trends  on  the  influence  of  the  pivot  location  have  been  found  in  a  British  study  (Fig.  5)> 
where  the  aerodynamic  centre  position  is  plotted  against  the  sweep  angle  with  the  Mach  number  increasing 
to  give  always  a  subsonic  leading-odge. 

Next,  it  is  interesting  to  examine  the  shift  of  the  aerodynamic  centre  with  sweep  angle  in  the  case 
of  two  complete  configurations,  the  tailplane  being  located  just  at  the  rear  of  the  trailing-edge  of  the 
70°  wing  (Fig.  6).  Again,  there  is  a  very  large  difference  of  aerodynamic  centre  shift  between  an 
inboard  and  an  outboard  pivot.  Also  the  amount  of  stability  provided  by  the  tailplane  remains  almost 
constant  when  the  sweep  angle  increases  from  15°  to  70°,  aB  shown  at  the  bottom  of  this  Figure. 

3.  HIGH-LIFT  DEVICES 


As  In  the  pivot  location  analysis,  we  have  made  our  theoretical  Btudy  of  trailing-odge  flap 
effectiveness  using  the  electric  analogy  method,  on  a  typical  extended  wing  configuration  (A. 25,  0  -  15°) 
with  a  30  per  cent  chord  flap  over  75  per  cent  of  the  Bpan.  Fig.  ^  giveB  the  ’reduced  circulation’ 

(Y  a  r/0ob)  along  the  span,  both  for  angle-of-attack  effect  and  for  unit  flap  deflection!  also,  the 
integration  of  the  local  centres  of  pressure  due  to  the  flap  effect  giving  the  mean  value  on  the 
reference  chord. 

For  the  combination  of  11°  angle-of-attack  and  45°  flap  deflection,  ■*  3  la  theoretically  obtained! 
in  fact,  such  a  value  can  be  realised  only  with  boundary- layer  control,  both  on  the  wing  leading-edge  and 
on  the  flap,  or  with  a  sophisticated  slotted-flap  system.  Fig.  8  shows  that,  on  a  wind-tunnel  model  of 
this  confii-uration  equipped  with  a  single-slotted  flap,  only  65  per  cent  of  the  theoretical  flap 
effectiveness  is  obtained,  while  a  simple  lirugar  flap  at  the  leading-edge  of  this  10  per  cent  symmetrical 
profile  appreciably  increases  stalling  incidence  and  delays  the  pitch-up  problem,  as  we  shall  see  later. 

The  flap  efficiency  is  reduced  progressively  when  the  wing  sweep  increases  (Fig.  9)»  as  predicted 
theoretically;  but,  between  15°  and  25°  sweepback  the  loss  of  lift  is  very  small,  so  it  is  feasible  to 
make  use  of  this  sweep  flexibility  to  adjust  the  static  margin  of  the  aircraft  at  its  best  value  during 
take-off  and  landing. 

For  this  low-speed  configuration,  it  ie  also  interesting  to  examine  the  important  problem  of  roll 
control  (Fig.  10).  A  differential  tailplane  deflection,  as  used  during  high-speed  flight  (0  ■>  45°  to  70°) 
is  not  efficient  enough  for  roll  control  at  low  speeds,  where  a  spoiler  Bystem  is  probably  the  best 
solution  permitting  the  flaps  to  be  retained  over  the  whole  wing  span.  On  Fig.  10,  it  is  also  shown  that 
the  spoilers  (65°  deflection,  between  35  per  cent  and  95  Per  cent  of  the  span)  lose  a  large  part  of  their 
effectiveness  when  the  wing  sweep  is  increased.  Their  efficiency  is  much  improved  at  (0  »  15°)  when  the 
flaps  are  deflected,  because  a  large  part  of  the  lift  increment  ACu  from  the  relevant  flap  is  then 
destroyed  by  rear  separation,  giving  a  strong  rolling  moment.  Finally,  the  spoiler  effectiveness  remains 
quite  large  near  the  stalling  incidence,  as  evident  from  the  right-hand  diagram  of  Fig.  10. 

Another  very  interesting  aspect  of  this  variable-sweep  aircraft  is  shown  on  Fig.  11,  where  the  lower 
diagram  ives  the  yawing  stability  curves  and  the  induced  roll  in  side-slip  for  the  two  extreme 
configurations  with  15°  and  70°  sweep  angles.  The  Bame  tailplane  differential  deflection  (A (3^.  _  140)  gives 
almost  the  same  roll  effectiveness  in  both  cases;  the  upper  curves  show  also  that  the  yawing  stability  is 
v  ut  the  same  for  these  two  extreme  configurations,  even  at  this  large  angle-of-attack  of  10°. 
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4.  WHIG  CAMBER 

Leading-edge  camber  all  along  the  span  of  a  wing  ia  well  known  to  improve  both  the  stall  conditions 
at  low  speeds  and  the  cruise  efficiency  (L/D);  such  application  is  very  interesting  for  a  variable-sweep 
aircraft.  For  the  configuration  already  mentioned  (A. 25),  we  have  calculated  a  conical  camber 
distribution  by  slender  wing  theory  (M  -  1 )  on  quasi-delta  shaped  wing  with  70°  sweep  (Fig.  12);  this 
very  narrow  camber  (on  10  per  cent  span  only)  is  quite  pronounced  when  the  wing  is  unswept  to  15°  sweep. 
In  this  case,  such  a  camber  allows  a  very  high  local  Cl  with  the  theoretical  stagnation  point  located 
at  the  nose  leading-edge,  as  shown  in  Fig.  1 3  by  the  streamlines  obtained  from  electric  analogy  studies 
on  a  two-dimensional  section  at  90  per  cent  of  the  wing  span.  Fig.  13  also  gives  the  theoretical  lift 
distribution  along  the  span  with  flaps  deflected  at  45°  and  with  6°  angle-of-attack  (mean  C l  -  2.46). 

The  efficiency  of  this  cambered  leading-edge  was  then  proved  by  wind-tunnel  tests;  the  leading-edge 
separation  on  the  extended  wing  is  removed  up  to  high  an gles-of-attack,  and  also  the  leading-edge  vortex 
on  the  fixed  apex  is  greatly  reduced  (pitch-up  problems  delayed). 

Another  advantage  of  this  ;amber,  botli  on  the  apex  and  on  the  moveable  wing,  is  the  induced  drag 
reduction  as  shown  on  Fig.  14.  Here,  for  various  sweep  angles,  the  experimental  values  of  Cl^  vs  Cj  are 
plotted  to  show  the  large  gain  in  L/D  given  by  this  camber  for  all  the  sweep  values.  Note  that  this 
camber  improves  the  L/D  of  the  70°  sweep  configuration  in  the  whole  Mach  number  spectrum,  up  to  M  =  2.5. 
Moreover,  the  tuft  flow  visualisation  patterns  (Fig.  15)  on  the  two  extreme  configurations,  at  the  8° 
angle-of-attack  giving  the  best  L/D,  indicate  that  the  vortex  lift  on  the  leading-edge  of  the  arrow  wing 
begins  only  above  this  incidence  and  that  the  flow  is  still  very  smooth  in  both  cases. 

5.  THE  PITCH-UP  PROBLEM 


The  main  problem  encountered  on  variable-sweep  configurations  with  a  large  fixed  apex  is  a 
longitudinal  instability  near  the  stall,  due  to  the  increasing  load  on  the  apex  while  the  movable  wing 
is  already  stalled.  One  solution  is  to  find  a  tailplane  location  which  can  compensate  this  nose-up 
tendency,  as  illustrated  on  Fig,  16,  where  the  longitudinal  stability  curves  for  two  horizontal  tailplane 

locations  are  plotted  (on  the  left).  With  a  tailplane  just  in  the  same  piano  as  the  wing,  there  iB  a 

quite  sharp  noae-up  pitching  moment  at  the  stall  whereas,  with  a  low-tail; lane  location,  the  aircraft 
stalls  with  a  good  nose-down  pitching  moment.  For  an  intermediate  tailplane  jiosition,  shown  on  the 
right  of  Fig.  16,  the  longitudinal  instability  zone  ia  very  narrow  and  followed  by  a  nose-down  tendency 
after  the  stall.  This  behaviour  is  well  explained  on  Fig.  17,  where  the  mean  downwaBh  at,  the  tailplane 
is  plotted  against  angle-of-attack;  the  sudden  loss  of  downwash  duo  to  the  wing  flow  se;>aration  reduces 

the  nose-up  pitching  moment  given  by  the  tailplane,  and  so  balances  the  pitch-up  tendency  due  to  the 

wing  apex. 

Many  large  models  of  supersonic  transport  projects  have  been  tested  at  high  Reynolds  numbers  in  the 
full-scale  40  x  80  ft  wind-tunnel  at  the  LASA  Ames  Research  Center.  In  analysing  the  results  from  US 
laboratories,  it  should  be  noted  that  the  swept  wing  (high-speed  configuration)  is  usually  taken  as 
reference  area.  On  the  model  shewn  in  Fig.  18,  NASA  have  studied  the  influence  of  the  horizontal- 
tailplane  location  on  longitudinal  stability.  Without  horizontal  tail,  there  is  a  strong  pitch-up 
tendency  well  before  the  Cpma!  and  a  high  tailplane  location  does  not  improve  this  instability  very  much; 
but  a  low  tailplane  is  much  more  favorable  and,  in  this  case,  the  pitch-up  apperrs  only  at  the  stall. 

On  this  configuration,  the  fixed  apex  of  70°  sweep  lias  a  sharp  leading-edge,  which  therefore  exhibits  a 
strong  vortex  flow  at  high  angle-of-attack  giving  a  nose-up  trend  at  the  stall. 

Various  flap  configurations  have  also  been  tested  by  NASA  on  the  same  model,  as  summarised  on 
Fig.  19.  The  diagram  on  the  left  shows  that  the  outboard  flap  deflection  gives  some  extra  lift,  but 
that  the  gain  in  CpirnnY  is  quite  small.  The  second  diagram  shows  that  a  double-slotted  flap  is  more 
efficient  than  a  simple  one,  but  here  again  there  is  no  gain  in  Cj^,  The  third  diagram,  on  the  right, 
confirms  that  it  is  possible  to  increase  the  sweep  of  the  movable  wing  from  13.5°  to  25°  without  loss  of 
flap  effectiveness. 

Another  configuration,  very  similar  to  the  first  Boeing  SST  project,  iia6  also  boon  tested  by  the 
NASA  in  the  same  wind-tunnel  (Fig.  20);  here,  the  main  aim  was  to  control  the  flow  on  the  fixed  apex 
(or  strake)  to  delay  the  vortex  formation  and  hence  the  pitch-up.  In  fact,  a  round  leading-edge  (Rj)  on 
the  original  sharp  strokes  (R^)  improves  the  longitudinal  stability,  but  it  is  necessary  to  incorporate 
also  some  vortex  generators  on  the  strake,  and  the  wing  fence,  to  remove  completely  the  pitch-up  tendency. 
Of  course,  such  devices  are  not  easily  stored  during  high-speed  flight.  Again  on  the  same  model,  RASA 
made  some  tests  with  a  blown  flap  having  the  same  3pan  as  a  conventional  double  -clotted  flap.  Fig,  21 
shows  that,  for  50°  flap  ieflection,  flow  attachment  over  the  blown  flap  is  obtained  with  a  Cjj  value  of 
about  O.05,  but  a  very  strong  pitch-up  appears  ut  the  stall,  despite  the  incorporation  of  a  Kruger  flap 
on  the  fixed  apex  to  delay  the  vortex  formation.  In  fact,  the  blown  flap  does  not  give  a  better 
than  a  conventional  double-slotted  flap,  because  of  the  premature  separation  on  the  movable  wing  and  the 
vortex  interaction  on  the  apex. 

In  the  case  of  the  first  Boeing  SST  project  (I'ig.  22),  it  was  impossible  to  ci.oose  a  low  position 
for  the  horixontal-tailplane,  because  of  the  proximity  of  the  engine  jets,  lienee,  the  longitudinal 
stability  was  not  satisfactory  at  high  ar.gles-of-attack.  Fig.  22  shows  some  typical  results  obtained 
by  Boeings  on  a  small  model  of  this  first  project.  The  lifting  effectiveness  of  the  trailing-edge  flaps 
was  very  good,  but  the  behaviour  of  the  pitching-moment  was  judged  unsatisfactory,  in  spite  of  the  very 
large  Blot  on  the  apex  leading-edge. 

In  the  second  Boeing  SST  project  (Fig.  23),  the  four  turbo- jets  were  ut  under  p.  very  large 
horizontal-tailplane,  but  in  this  cose  the  tail  mu  was  ireatly  reduced;  thus  a  large  ;art  of  the  lift 
from  the  very  efficient  flap  system  was  lost  by  the  longitudinal  trim.  In  the  lust  ve; si on  of  this 
configuration,  Boeing  tried  to  improve  the  longitudinal  trim  by  using  a  canard  suif.ee,  but  the  aerodynamic 
gains  were  not  sufficient  to  com.  onsnte  for  the  increase  of  structural  weig)  t. 
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Clearly,  it  is  much  more  difficult  to  design  a  civilian  variable-cweep  aircraft  than  a  military  one, 
because  it  is  not  acceptable  to  put  jet  engines  inside  the  fuselage  instead  of  the  iassengers.  Already, 
in  various  countries,  many  variable-sweep  applications  to  military  aircraft  are  in  a  production  phase 
(American  Fill),  in  a  flight  evaluation  phase  (French  Mirage  C,  Russian  F.ikoyan),  or  in  the  design  phase 
(French  Mirage  64,  Angki-Cemar-Italian  MHCA,  American  fighter  F14,  American  bomber  Bl);  currently,  this 
varialle-nwoep  concept  a; pears  to  be  the  only  acceptable  solution  for  multi -mission  purposes. 

6 .  VAI.IADI.E-SWEHP  AIFLI CATION  TO  RE-USAR1E  SPACECRAFT 


To  conclude,  it  is  interesting  to  look  at  some  applications  for  the  space  shuttle  programme  (NASA). 
Variable-sweep  concepts  can  be  applied  both  for  the  first-stage  booster  (return  after  the  first-stage 
separation  at  Mach  10,  to  a  conventional  airport),  and  for  the  orbiter  stage  (return  from  a  low  orbit 
mission  to  a  chosen  airport) .  For  the  latter,  NASA  and  General  Dynamics  have  made  an  interesting 
optimisation  study,  summarised  in  Fig.  24»  where  three  different  configurations  are  shown  differing  from 
one  another  in  their  hypersonic  efficiency  (L/D  =1,2  and  3)  during  the  first  part  of  the  re-entry  from 
space. 

All  of  them  have  (L/D)max  greater  than  5  at  low  speed,  with  their  wings  extended,  but  the  best 
configuration  seems  to  be  the  second,  shown  in  detail  on  Fig.  25.  During  ascent,  orbital  flight  and 
hypersonic  "e-entry,  the  wings  are  folded  at  the  top  of  the  lifting  body,  to  preclude  any  kinetic  heating 
problems  with  them  in  the  Newtonian  shadow  of  the  body  during  the  re-entry;  in  this  configuration,  the 
maximum  value  of  the  subsonic  trend  L/D  is  about  3.  With  the  wings  at  45°  sweep,  the  L/D  increases  to 
about  5-  With  the  extended  wing  at  15°  ".weep,  the  trimmed  L/D  is  about  8.  (Better  than  most  of  our 
fighters).  A  plain  flap  at  30°  deflection  is  easily  trimmed  by  the  tailplane  surface  to  give  a  usable 
of  about  C.9  at  the  end  of  the  flare,  with  a  lift/drag  ratio  greater  than  4.5 •  The  main  problem  in 
choosing  this  concept  for  an  orbiter  spacecraft,  is  to  balance  the  low-speed  performance  gains  and  the 
penalty  of  added  wing  weight  which  has  to  be  put  in  orbit. 
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FUNDAMENTAL  ASPECTS  OF  FLOW  SEPARATION 
UNDER  HIGH-LIFT  CONDITIONS 

II.  P.  Horton 


I.  INTRODUCTION 

The  aim  of  any  lift  augmentation  device,  whether  it  be  mechanical  or  pneumatic,  is  to  enable  a  larger  propor¬ 
tion  of  the  hypothetical  inviscid  lift  of  a  wing  to  be  achieved  than  would  otherwise  be  possible.  I  lie  loss  of  lift  due 
to  viscosity  is  comparatively  small  when  the  viscous  effects  are  confined  to  thin  boundary  layers  on  the  body  surfaces, 
but  when  a  boundary  layer  becomes  detached  from  the  surface,  other  than  at  the  trailing-edge.  very  large  losses  of 
lift  usually  occur.  Lift  augmentation  devices  are,  therefore,  means  by  which  body  shapes  and  boundary  conditions 
may  be  achieved  which  prevent  undesirable  boundary-layer  separations  from  occurring.  It  is  accordingly  appropriate 
to  discuss  here  the  basic  types  of  separation  which  may  occur  in  high-lilt  conditions,  to  try  to  gain  an  idea  of  what 
we  are  attempting  to  control. 

We  commence  with  a  brief  description  of  the  processes  by  which  laminar  and  Uuhulcut  boundary  layers  are 
caused  to  separate. 


2.  BASIC  CONCEPTS  OF  TWO-DIMENSIONAL  LAMINAR  AND  TURBULENT  SEPARATION 

Boundary-layer  separation  from  a  smooth  two-dimensional  surface  always  occurs  as  a  result  of  a  rise  in  the 
static  pressure  of  the  external  stream,  which  is  transmitted  through  the  boundary  layer  to  the  surface  because  the 
pressure  gradient  normal  to  the  surface,  9p/9z  ,  is  zero  according  to  the  boundary-layer  approximations. 

However,  the  magnitude  of  the  pressure  rise  which  may  be  sustained  by  a  boundary  layer  before  separation 
takes  place,  as  well  as  the  details  of  the  separation  process,  depend  upon  whether  the  boundary  layer  is  laminar  or 
turbulent.  We  shall,  therefore,  discuss  laminar  and  turbulent  separation  separately,  noting  that  in  practice  turbulent 
separation  is  the  case  of  greater  interest  in  subsonic  high  Reynolds-number  flow. 


2.1  Laminar  Separation 

The  mechanism  of  laminar  separation  is  shown  in  Figure  I.  The  boundary  layer,  through  which  the  velocity 
“u”  rises  from  zero  at  the  surface  z  =  0  to  the  external  stream  velocity  ue  at  the  outer  boundary-layer  edge 
z  =  5  .  enters  the  region  of  rising  pressure  at  the  streamwise  position  x  =  xa  .  Because  the  same  pressure  gradient 
acts  on  the  slowly-moving  inner  region  as  on  the  outer  region,  the  fluid  near  the  wall  is  retarded  more  than  that  at 
the  edge  (viscous  forces  maintaining  the  velocity  at  the  wall  to  be  zero).  The  value  of  9u/9z  at  the  wall,  and  hence 
the  wall  sheer  stress  rw  =  (p9u/9z)w  ,  therefore  falls  as  the  boundary  layer  progresses  until  it  finally  changes  sign 
at  the  separau'  n  point  xs  .  A  How  in  the  reverse  direction  then  occurs  near  the  wall,  and  from  the  separation 
point  a  single  streamline  is  emanated  dividing  the  fluid  in  the  original  boundary  layer  from  that  flowing  upstream. 
According  to  Oswatitsch1 .  this  dividing  streamline  leaves  the  surface  at  an  angle  0  given  by 


tan  0 


9rw/9x 

9p/9x 


Although  9tw/9x  is  continuous  through  the  separation  point,  it  falls  off  rapidly  after  separation  and  the  skin 
friction,  as  well  as  the  reverse  How  velocities,  appear  to  be  generally  very  small  in  the  separated  region.  According 
to  the  ideas  of  Maskeli2,  t he  dividing  streamline  may  be  thought  of  as  consisting  of  the  merging  of  two  “limiting 
streamlines’’  infinitesimally  close  to  the  surface,  one  coming  from  upstream  of  S  and  the  other  from  downstream. 
This  is  indicated  in  Figure  I. 

The  strongly  inflected  nature  of  the  velocity  profiles  in  the  vicinity  of  separation  and  thereafter  results  in 
hydrodynamic  instabilities  except  at  very  low  Reynolds  numbers,  and  transition  therefore  usually  occurs  a  short 
distance  behind  separation.  The  consequences  of  this  are  discussed  in  Section  4. 

There  are  many  methods  available  for  calculating  the  position  of  laminar  separation,  given  the  inviscid  pressure 
distribution.  Probably  the  most  popular  method  is  that  of  Thwaites3,  which  was  extended  lo  compressible  flow  by 


Roll  .mil  Crabtree'1.  In  terms  of  the  external  Mach  number,  M  :  ,  the  method  gives  the  separation  point  to  he 
detemmed  by: 

I  dMe  I  x  Me5 

- .  |  5  Ndx  =  0.2  ,  where  N  = 

Me  dx  N  "o 


and  x  =  0  corresponds  to  the  stagnation  point.  This  formula  is  valid  for  the  ease  of  zero  heat  transfer  only.  It 
should,  however,  he  remarked  that  some  recent  papers2* ,2 ® ,i0  east  doubt  on  the  validity  of  the  assumption  implicit 
in  this  lormula  that  the  pressure  gradient  parameter  X  =  (02/r»)( due/dx)  at  separation  is  constant.  For  greater 
accuracy,  the  method  ol  Relereive  28  (a  simplification  of  Reference  31)  is  to  be  recommended. 

Accurate  numerical  procedures  for  solving  the  compressible  laminar  boundary-layer  equations,  which  will 
accurately  predict  the  separation  point  for  a  given  pressure  distribution,  have  been  developed  by  Sells5  and  Smith 
and  Clutter''.  However,  because  there  is  always  in  practice  a  slight  interaction  between  the  boundary  layer  and  the 
external  flow  upstream  of  separation,  it  is  doubtful  whether  the  use  of  these  more  sophisticated  methods  is  justifiable 
unless  this  interaction  is  taken  into  account. 

For  rough  estimates,  laminar  separation  may  be  taken  to  occur  when  the  external  velocity  has  dropped  to  94% 
of  its  peak  value. 

2.2  Turbulent  Separation 

Separation  of  a  turbulent  boundary  layer  occurs  as  a  result  of  the  same  basic  mechanism  as  laminar  separation; 
that  is.  slowly  moving  fluid  close  to  the  surface  is  retarded  by  a  positive  pressure  gradient  and  finally  reversed. 
However,  as  shown  in  Figure  2.  the  shape  of  the  turbulent  velocity  profile  is  such  that  only  very  close  to  the  wall 
is  the  velocity  in  the  layer  greatly  different  from  that  of  the  external  stream;  furthermore,  the  process  of  turbulent 
mixing  provides  a  powerful  mechanism  for  exchanging  energy  from  the  outer  region  to  the  inner.  As  a  result,  a 
turbulent  boundary  layer  is  able  to  withstand  a  much  larger  rise  in  pressure  than  is  a  laminar  layer. 

The  balance  between  the  kinetic  energy  of  the  mean  motion  and  that  of  the  turbulence  is  extremely  complicated 
in  the  inner  region,  and  is  only  imperfectly  understood.  Since  this  effectively  determines  under  what  conditions  the 
layer  separates,  our  ability  to  predict  turbulent  separation  is  severely  limited.  The  main  difficulty  lies  in  the  observed 
fact7  that,  before  complete  detachment  of  the  boundary  layer  occurs,  a  region  exists  in  which  intermittent  streaks 
of  back-flow  are  formed  near  the  surface  as  shown  in  Figure  2.  In  this  region,  the  temporal-spatial  mean  of  the 
skin  friction  is  very  small  but  positive;  locally  and  intermittently  it  changes  sign,  however.  It  is,  therefore,  evident 
that  any  two-dimensional,  steady  ntouei  cf  turbulent  separation  must  be  in  general  inadequate.  (Of  course  turbulence 
itself  is  unsteady  and  three-dimensional  but  the  unsteadiness  and  three-dimensionality  near  separation  are  outside 
the  spectrum  of  turbulence.)  For  instance,  the  usual  representation  of  mixing  length  and  eddy  viscosity  obtained 
from  "healthy”  boundary-layer  data  predict  unrealistic  behaviour  when  the  mean  skin  friction  vanishes  (mixing 
length  gives  a  zero  skin-friction  profile  with  an  infinite  value  of  du/dz  at  the  wall);  probably  these  concepts  should 
be  applied  separately  to  the  forward  and  intermittently  reversed  flows.  An  interesting  discussion  of  these  problems 
is  given  by  Sandbord  and  Liu*. 

Amongst  the  most  important  conclusions  of  this  work  is  the  observation  that  the  region  of  intermittent  separa¬ 
tion  is  that  region  previously  identified  as  turbulent  separation  by  most  experimenters.  This  explains  the  discrepancy 
between  the  value  of  the  shape  parameter  H  =  5 */0  at  separation  of  about  2.3  (or  even  as  low  as  1.8)  quoted  in 
many  works,  and  the  value  of  H  =  3.5  found  by  Stratford1'  in  a  How  which  had  not  yet  reversed.  It  appears  that 
the  real  separation  criterion  should  be  the  attainment  of  a  value  of  H  between  3.5.  and  4  unless  the  pressure  gradient 
is  very  severe,  when  separation  will  occur  at  much  lower  values  of  II  .  Sandbord  and  Liu  define  complete  separation 
as  the  point  at  which  the  How  near  the  surface  is  forward  and  reversed  for  equal  periods  of  time. 

We  must  observe,  however,  that  no  existing  methods  are  capable  of  predicting  the  flow  development  in  the 
intermittent  separation  region.  So,  for  the  present,  we  must  content  ourselves  with  the  prediction  of  the  start  of 
the  region  the  "separation  point"  given  by  most  theories.  Methods  of  predicting  the  development  of  turbulent 
boundary  layers  in  adverse  pressure  gradients  are  too  numerous  to  discuss  here  but  we  might  perhaps  mention  the 
"finite  difference"  method  of  Bradshaw  et  al.10,  as  being  probably  the  most  reliable;  a  compressible  version  of  this 
programme  also  exists. 

3.  TYPES  OF  SEPARATED  FLOW  ON  SINGLE  TWO-DIMENSIONAL  AEROFOILS 

When  the  incidence  of  a  single  two-dimensional  aerofoil  with  no  high-lift  devices  is  increased  towards  that  of 
maximum  hit.  regions  of  separated  flow  are  lonned  whose  position  and  mode  of  development  determine  both  the 
maximum  lilt  which  may  be  achieved  and  the  way  in  which  the  lift  subsequently  falls.  These  separated  regions  are 
umijIIv  m mated  near  the  leading  or  trailing-edge;  a  useful  classification  of  stalling  behaviour  into  three  basic 


4-3 


types  by  McCullough  and  Gault12  sheds  some  light  on  the  relative  roles  of  leading  and  trailing-edge  separation.  This 
classification  is: 

3.1  Trailing-Edge  Stall,  (preceded  by  movement  of  the  turbulent  separation  point  forward  from  the  trailing-edge 

with  increasing  incidence). 

This  is  characteristic  of  most  thick  sections;  the  peak  of  the  lift  curve  is  usually  rounded,  and  the  loss  of  lift 
after  stall  is  gradual  (Fig.3).  The  extent  of  the  separated  flow  region  at  maximum  lift  may  be  as  large  as  50%  of 
the  aerofoil  chord:  orcdiction  of  the  maximum  lift  would  require  a  solution  of  the  separated  flow  problem  and  is 
therefore  difficult. 

Some  qualitative  estimate  of  the  stalling  behaviour  may,  however,  be  made  by  examining  the  shape  of  the 
pressure  distribution  on  the  suction  surface  at  the  incidence  at  which  turbulent  separation  is  predicted  at  the  trailing- 
edge,  as  suggested  by  Young11  in  his  useful  review  of  the  stalling  problem.  Referring  to  Figure  4,  in  case  (a),  the 
concave,  near-equilibrium  type  of  upper-surface  pressure  distribution  leads  to  values  of  the  boundary-layer  shape 
parameter  H  which  are  large  over  much  of  the  rear  of  the  aerofoil;  turbulent  separation  will,  therefore,  spread  very 
rapidly  forward  from  the  trailing-edge  with  increase  of  incidence,  leading  to  a  suddi-.  stall.  In  case  (b),  the  convex 
shape  of  the  pressure  distribution  results  in  low  values  of  H  except  near  the  trailing-edge;  the  point  of  separation 
will  move  only  slowly  forward  from  the  trailing-edge  and  the  stall  is  gradual. 

3.2  Leading-Edge  Stall:  (caused  by  abrupt  flow  separation  near  the  leading-edge,  usually  without  subsequent 

re-attachment). 

This  type  of  stall  is  often  exhibited  by  moderately  thin  sections,  and  is  a  sudden  stall  in  which  there  is  little 
or  no  rounding  of  the  lift  curve  before  the  stall  (Fig. 5). 

The  abrupt  separation  near  the  leading-edge  may  occur  in  two  ways,  both  associated  with  the  existence  of  a 
very  small  region  of  separated  flow  neat  the  leading-edge  prior  to  the  stall,  usually  called  a  “short  separation  bubble”. 
Such  a  bubble  is  characterised  by  a  laminar  separation,  followed  by  transition  in  the  separated  boundary  layer  and 
subsequent  turbulent  rc-attachmcnt.  In  the  first  mechanism  of  leading-edge  stall,  this  bubble  suddenly  "bursts”  into 
a  large  separated  region  occupying  most  of  the  aerofoil  chord,  due  to  a  very  smali  increase  of  incidence.  In  the 
second,  the  turbulent  boundary  layer  a  short  distance  behind  the  bubble  separates  (because  of  its  weakened  state) 
and  again  a  large  separated  region  occurs.  These  two  mechanisms  appear  to  be  characteristic  of  the  low  and  high 
Reynold  number  regimes  respectively,  with  a  smooth  transition  between  the  two;  however,  the  evidence  for  the 
second  mechanism  is  rather  indirect1  4,15 

Separation  bubbles  will  be  discussed  in  more  detail  in  the  following  section. 

3.3  Thin  Aerofoil  Stall:  (preceded  by  flow  separation  at  or  near  the  leading-edge  with  re-attachment  at  a  point 

which  moves  progressively  rearward  with  increasing  incidence). 

This  stall  occurs  on  all  sharp-edge  aerofoils,  and  on  thin  aerofoils  with  rounded  leading-edges.  In  the  case  of 
sharp-edge  aerofoils,  the  flow  separates  at  the  leading-edge  (except  at  very  small  incidence),  and  re-attaches  some 
distance  aft,  the  re-attachment  point  moving  progressively  rearward  with  increase  of  incidence  until,  at  approximately 
maximum  lift,  it  reaches  the  trailing-edge.  As  shown  in  Figure  6a,  the  stall  is  not  so  abrupt  as  the  leading-edge  type. 

On  thin  ro  ,r|ded  aerofoils,  a  short  bubble  usually  forms  at  low  incidence  which  bursts  into  a  long  bubble  at  an 
incidence  well  be!*  w  that  of  stall,  resulting  in  the  characteristic  kink  in  the  lift  curve  shown  in  Figure  6b.  This  long 
bubble  is,  however,  much  smaller  than  the  aerofoil  chord,  but  grows  until  the  maximum  lift  incidence  is  reached,  in 
the  same  way  that  the  bubble  on  a  sharp-edge  aerofoil  grows. 

It  should  be  remarked  that  the  distinction  between  leading-edge  and  thin  aerofoil  stall  is  not  clear-cut,  and  that 
different  stalling  behaviour  may  be  exhibited  by  an  aerofoil  at  different  Reynolds  numbers.  Also  combinations  of 
stalling  behaviour  may  occur  with  separations  arising  both  at  the  trailing  and  leading-edge. 

Increase  of  camber  can  radically  effect  the  stalling  behaviour  of  an  aerofoil;  leading-edge  camber  will  generally 
have  the  effect  of  suppressing  a  leading-edge  stall,  whilst  trailing-edge  camber  (for  instance,  the  deflection  of  a  flap) 
increases  the  leading-edge  suction  peak  and  thereby  increases  the  tendency  to  leading-edge  stall. 


4.  SEPARATION  BUBBLES 

When  a  boundary  layer  separates  from  the  surface  of  an  aerofoil,  and  subsequently  cither  re-attaches  to  the 
surface  or  merges  with  another  shed  boundary  layer,  a  closed  “bubble”  containing  fluid  circulating  with  low  velocity 
is  formed;  examples  of  such  bubble  flows  are  shown  in  Figure  7.  Because  the  re-circulation  velocity  is  low,  the 
static  pressure  is  generally  nearly  constant  in  such  bubbles  except  in  the  region  of  re-attachment,  where  a  pressure 
rise  occurs. 
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Since  such  hubbies  have  a  large  influence  on  all  types  of  stall,  as  we  saw  in  the  preceding  section,  we  now  discuss 
bubble  flows  in  more  detail. 

figure  7a  shows  a  leading-edge  bubble  of  limited  extent;  as  previously  stated,  the  separation  is  usually  laminar 
followed  by  transition  and  a  turbulent  re-attaclunenl.  However,  two  basic  types  of  bubble  have  been  observed, 
usually  called  "short"  and  "long".  I  he  short  type  is  extremely  small  compared  with  the  aerofoil  chord,  contracts 
m  length  with  increase  of  incidence  and  only  disturbs  the  surface  pressure  distribution  significantly  in  its  immediate 
vicinity.  Long  bubbles  on  the  other  hand  have  lengths  comparable  with  the  chord  length,  grow  with  increase  of 
incidence  and  strongly  perturb  the  overall  pressure  distribution. 

Hie  bursting  phenomenon  previously  mentioned  is  a  sudden  change-over  from  the  short  to  the  long  bubble  mode,  and 
may  occur  either  as  a  result  of  an  increase  of  incidence  or  a  decrease  of  Reynolds  number.  It  was  until  recently  believed 
that  bursting  occurs  as  a  result  of  a  sudden  change  in  the  mechanism  and  position  of  transition,  but  careful  experi¬ 
ments  shows  this  to  be  unfounded .  by  considering  the  problem  as  one  of  viseous-inviseid  interaction,  it  has  since 
been  shown17  that  bursting  occurs  when  the  boundary  layer  and  inviseid  external  flows  become  incompatible,  when 
the  re-attachment  process  fails  and  the  whole  flow  field  has  to  adjust  itself  until  re-attachment  is  possible.  Reference  I  7 
provides  a  method  for  estimating  the  conditions  under  which  a  bubble  will  burst,  whilst  the  prediction  of  the  pressure 
distribution  on  an  aerofoil  with  the  resulting  long  bubble  has  been  treated  by  Norbury  and  Crabtree1'1  and  Woods11'. 

I  he  latter  considers  only  the  potential  flow  part  of  the  problem,  and  requires  in  supplement  information  about  the 
separated  turbulent  shear  layer  development,  which  could  be  obtained  by  using  an  adaption  of  the  Korst’3  model 
used  m  supersonic  flows. 

figure  7b  shows  a  long  bubble  which  has  grown  to  the  stage  where  the  point  of  re-attachment  is  no  longer  on 
the  aerofoil  but  has  become  a  point  of  confluence  of  the  dividing  streamlines  from  the  upper  and  lower  surfaces, 
whilst  f  igure  7c  shows  a  rather  similar  type  of  bubble  arising  from  a  rear  separation. 


5.  FLOW  SEPARATION  ON  MULTI  AEROFOIL  SYSTEMS; 

WAKE-BOUNDARY  LAYER  MIXING 

In  its  most  general  sense,  separation  may  be  thought  of  as  occurring  when  a  boundary  layer  leaves  a  surface 
at  any  point,  and  hence  the  smooth  flowing-olT  of  the  boundary  layers  from  a  t railing-edge  is  a  form  of  separa¬ 
tum.  Thus  any  multiple  system  of  aerofoils  (for  instance  a  main  aerofoil  with  slat  and  slotted  flap),  in  which 
the  components  are  sufficiently  close  together  lor  the  shed  wake  from  one  component  to  be  able  to  impinge  on 
another  component,  represents  essentially  a  separated  flow  system. 

Additional^,  of  course,  each  component  may  have  regions  of  separated  flow  on  it  in  the  same  way  as  a 
single  isolated  aerofoil,  and  the  resulting  flow  fields  can  be  exceedingly  comnlex  and  not  amenable  to  any  existing 
type  of  analysis. 

As  an  example,  consider  the  flow  around  an  aerofoil  with  a  slat,  shown  schematically  in  Figure  K.  Boundary 
layers  are  formed  on  the  upper  and  lower  surfaces  of  the  slat  which  arc  shed  at  its  trailing-cdge  as  a  wake;  the 
momentum  thickness  of  this  wake  is  governed  by  the  drag  of  the  slat,  whilst  its  width  increases  with  downstream 
distance.  Depending  on  the  relative  positions  of  the  slat  and  aerofoil,  this  wake  may  or  may  not  mix  with  the 
boundary-layer  aerofoil  upper  surface.  If  no  mixing  occurs,  the  effect  of  this  wake  upon  the  pressure  distribution 
and  the  boundary-layer  development  on  the  main  aerofoil  will  be  small;  but  if  mixing  does  occur,  the  boundary 
layer  of  the  main  aerofoil  will  be  thickened  and  the  tendency  to  separate  at  the  trailing-cdge  will  increase. 

Although  little  work  has  been  done  on  the  wake-boundary-layer  mixing  problem  (some  recent  work  of 
interest  is  in  Reference  27 1.  we  may  tentatively  identify  the  various  stages  which  may  be  expected  to  occur  in 
such  a  mixing  process.  Referring  to  Figure  Ha  we  have: 

1.  A  pre-mixing  region,  where  the  boundary  layer  and  wake  develop  separately: 

2.  A  blending  region,  where  the  inner  edge  of  the  wake  diffuses  towards  the  surface  through  the  boundary 
layer  and  the  outer  edge  of  the  boundary  layer  diffuses  through  the  wake.  Since  the  behaviour  of  the 
turbulence  is  basically  hyperbolic"’,  the  inner  boundary  layer  and  outer  wake  will  be  unaffected  until 
the  edge  of  the  diffusion  region  reaches  the  point  in  question: 

4.  A  relaxation  region,  in  which  the  high  level  of  turbulence  introduced  into  the  boundary  layer  by  the 

wake,  and  the  distortion  of  the  velocity  profiles,  die  down,  until  finally  a  normal  turbulent  boundary  layer 
is  reached,  increased  in  momentum  thickness  by  an  amount  approximately  equal  to  the  momentum  thick¬ 
ness  of  the  wake,  as  compared  with  the  momentum  thickness  which  the  boundary  layer  alone  would  possess. 

In  order  to  be  able  to  predict  the  separation  >f  such  a  thickened  boundary  layer  in  the  general  case,  we  need 
to  be  able  to  predict  these  stages  of  development;  no  suitable  method  exists,  but  Bradshaw's  method10  might  con¬ 
ceivably  be  extended  to  this  situation  once  the  necessary  empirical  functions  used  in  the  method  have  been 
established. 
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In  practice,  a  slat  is  usually  tised  in  conjunction  with  a  trailing-edgc  Hap,  probably  slotted,  which  lead  to  addi¬ 
tional  difficulties,  as  shown  in  Figure  9.  If  the  full  free-stream  dynamic  pressure  is  to  be  utilized  in  the  slot,  the 
whole  main  aerofoil  lower-surface  boundary  layer  must  pass  through  the  slot,  join  with  the  upper-surface  boundary 
layer  and  finally  may  mix  with  the  new  boundary  layer  developing  on  the  Hap.  Prediction  of  the  separation  point 
on  the  flap  then  becomes  a  formidable  problem. 


6.  THREE-DIMENSIONAL  SEPARATED  FLOWS 

The  subject  of  tin "c-dimensional  separation  and  separated  flows  is  a  difficult  one  and  we  can  give  here  only  an 
outline.  More  detailed  information  is  to  be  found  in  References  I.  2  and  20  to  25.  Most  of  this  work  is  concerned 
with  laminar  layers,  but  since  turbulent  boundary  layers  contain  an  essentially  laminar  region  near  the  wall,  all  con¬ 
clusions  concerning  surface  flow  patterns  are  valid  for  turbulent  flows  also,  whilst  the  qualitative  descriptions  of 
post-separation  flow  behaviour  are  not  dependent  upon  the  state  of  the  boundary-layer. 

As  we  saw  in  Section  2,  two-dimensional  separation  occurs  when  the  skin  friction  (which  in  this  case  has  only 
one  component)  changes  sign;  i.c.  when  pt(3u/3z)w  =  0  .  In  a  three-dimensional  boundary  layer,  on  the  other  hand, 
there  are  two  components  of  the  skin  friction  /j(3u/3z)w  and  /.'(3v/3z)w  ,  where  u,v  are  velocities  measured  in 
the  x,y  direction  and  x,y  are  orthogonal  coordinates  in  the  surface.  Only  at  special  "singular  points"  will  these 
components  vanish  simultaneously,  but  tu  restrict  a  definition  of  separation  to  such  points  would  be  too  restrictive 
since  it  is  a  matter  of  observation  that  three-dimensional  separation  can  occur  along  lines  on  which  the  parallel  skin- 
friction  is  non-zero.  For  example,  on  a  yawed  wing  of  infinite  span  the  flow  separates  along  a  line  parallel  to  the 
leading-edge  at  which  the  spanwise  skin  friction  is  non-zero.  Hence,  a  more  general  criterion  for  three-dimensional 
separation  than  the  vanishing  of  skin  friction  mils,  be  sought. 

The  concept  of  limiting  streamlines5  is  useful  here;  these  we  define  as  the  limit  of  streamlines  as  the  surface  is 
approached,  and  we  may  easily  show  that  such  streamlines  are  coincident  with  lines  tangential  to  the  skin-friction 
direction  (skin-friction  lines).  For  if  a  streamline  near  the  surface  makes  an  angle  (3  with  the  x  direction,  we  have 

v 

tan  p  =  —. 
u 


Hence  the  limiting  streamline  angle  ,(3w  is  given  by 

tan  0w  =  Lint 
z-o  . 

the  differentiation  being  necessary  because  both  v  and 


Ov/dz) 

Lim  - -  . 

z'°  .  (3u/3z)w 

u  are  zero  when 


z  —  0  . 


Hence, 


which  is  the  inclination  of  skin-friction  lines  to  the  x  direction.  The  limiting  streamline  direction  can  be  entirely 
different  from  the  external  strean  hue  direction,  particularly  in  strong  pressure  gradients,  because  of  cross-flow  in 
the  boundary-layer  induced  by  curvature  of  the  external  streamlines. 

We  now  see  that  in  the  infinite  yawed  wing  case,  if  x,y  are  respectively  perpendicular  and  parallel  to  the 
leading-edge,  tan  /?w  becomes  infinite  if  the  x  component  of  skin  friction  vanishes.  Hence  the  skin-friction  lines 
become  tangential  to  the  separation  line,  as  shown  in  Figure  10a.  The  pattern  of  the  separation  streamlines  is  shown 
in  Figure  10b;  the  limiting  streamlines  upstream  and  downstream  of  separation  merge  at  the  separation  line  as  two- 
dimensional  separation. 

The  streamline  pattern  at  a  line  of  re-attachment  is  like  that  at  separation  with  all  the  arrows  reversed  in  direc¬ 
tion.  Again  considering  an  infinite  yawed  wing,  a  closed  bubble  may  be  formed  between  lines  of  separation  and 
re-attachment  as  shown  in  Figure  II.  A  vortex  with  a  spanwise  velocity  component  is  formed  within  the  bubble56. 

Closed  bubbles  are  one  of  two  basic  types  of  flow  which  result  from  three-dimensional  separation,  the  other 
type  being  free  vortex  sheets,  the  two  being  distinguished  by  whether  the  particle  paths  are  closed  or  open.  A  well- 
known  example  of  a  free  vortex  sheet  is  that  arising  from  the  leading-edges  of  a  slender  delta  wing,  Figure  12;  part- 
span  vortex  sheets  may  also  be  formed  on  finite  swept  wings  at,  for  example,  the  junction  between  attached  flow 
on  the  inboard  part  of  a  wing  and  separated  flow  on  the  outboard  part,  as  shown  in  Figure  13.  Mixed  flows  often 
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occur  when  two  surfaces  of  separation  meet,  as  for  example  in  the  ease  of  separation  from  a  body  of  revolution  at 
incidence,  shown  in  Figure  14. 


7.  THEORETICAL  POSSIBILITIES 

In  the  preceding  discussion,  we  have  of  necessity  been  limited  to  a  qualitative  description  of  separation  prob¬ 
lems  because  of  the  lack  of  analytic  techniques  except  in  certain  specialized  cases.  We  briefly  discuss  now  the 
possibility  of  applying  theoretical  techniques  to  the  simplest  problem  of  interest  here  that  of  the  prediction  of 
the  maximum  lift  and  the  drag  of  an  aerofoil. 

To  accomplish  this,  we  must  be  able  to: 

1.  predict  the  ousel  of  How  separation; 

2.  predict  the  subsequent  development  of  the  separated  flow  region(s)  up  to  the  maximum  lift  incidence. 

The  first  problem  is  by  far  the  easier,  and  by  using  any  modern  method  of  laminar  and  turbulent  boundary- 
layer  prediction  together  with  a  short  separation  bubble  analysis  (if  necessary),  a  reasonable  degree  of  accuracy  may 
be  achieved.  When  the  stage  is  reached  that  either  a  t railing-edge  separation,  a  short  bubble  burst  or  a  turbulent 
re-separation  is  predicted,  we  are  faced  with  the  second  problem. 

The  analysis  of  separated  Low  problems  in  subsonic  How  by  free-streamline  theory  is  a  very  old  branch  of 
fluid  mechanics;  the  usefulness  cf  the  results  is,  however,  extremely  limited  because  the  inviscid  nature  of  the 
analysis  necessitates  the  use  of  empirical  data  to  close  the  solution.  Thus,  for  example,  the  How  about  a  bluff  body 
with  an  extensive  region  of  separated  How  may  be  predicted  with  reasonable  accuracy  (c.g..  Reference  19,  p.452) 
but  only  if  the  pressure  in  the  wake  is  known.  This  pressure  can  only  be  predicted  by  means  of  separated  boundary- 
layer  theory,  and  until  recent  years  such  a  theory  was  non-existent.  However,  considerable  progress  has  been  made 
in  the  analysis  of  separated  turbulent  boundary  layers  in  supersonic  Hows;  the  resulting  ideas  have,  however,  been 
applied  in  only  one  or  two  simple  sub-sonic  cases.  Two  of  the  most  important  contributions  to  the  study  of  super¬ 
sonic  separated  flows  are  the  mixing  theory  of  Crocco  and  Lees34,  which  is  basically  an  entrainment  method,  and 
the  theory  of  Korst32  which  considers  separated  regions  of  essentially  quiescent  fluid  bounded  by  mixing  layers; 
the  conservation  of  total  pressure  on  the  dividing  streamline  is  a  basic  premise  of  the  theory.  The  basic  theory  is 
applicable  only  to  cases  in  which  the  boundary  layer  at  separation  is  infinitesimally  thin,  but  later  developments 
such  as  that  of  Nash33  include  the  effect  of  an  initial  boundary  layer.  Green35  has  used  an  entrainment  method  to 
calculate  the  development  of  a  subsonic  base  flow. 

The  main  difficulty  in  calculating  subsonic  separated  flows  is  the  need  for  iteration  between  calculations  of  the 
inviscid  and  viscous  flows  until  convergence  is  achieved;  it  is  not  a  simple  matter  to  choose  an  initial  pressure  dis¬ 
tribution  or  displacement  surface  which  will  lead  to  convergence. 
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SOME  NOTES  ON 

TWO-DIMENSIONAL  HIGH-LIFT  TESTS  IN  WIND-TUNNELS 

B.  van  den  Berg 


1.  INTRODUCTION 

Though  two-dimensional  Hows  never  really  exist  on  aircraft  wings,  two-dimensional  wind-tunnel  tests  on  aero¬ 
foils  with  high-lift  devices  may  be  very  instructive,  since  the  essential  features  of  the  three-dimensional  wing  usually 
are  well  represented  by  the  two-dimensional  How.  Two-dimensional  wind-tunnel  tests  have  several  advantages  as 
compared  with  three-dimensional  tests.  The  most  obvious  advantage  is  that  the  models  are  cylindrical  and  therefore 
comparatively  easy  to  make.  This  is  of  particular  importance,  since  high-lift  models  usually  are  very  complicated 
due  to  the  Haps  and  slats,  which  should  all  be  movable  and  rotatable  relative  to  each  other.  With  two-dimensional 
models  the  width  of  the  flap  and  slat  slots  is  constant  across  the  span,  which  simplifies  the  adjustment  of  the  slot 
widths  considerably.  For  aerofoils  with  boundary-layer  control  by  blowing  or  suction  and  for  aerofoils  equipped 
with  a  jet-flap,  the  transport  of  air  to  or  from  a  two-dimensional  model  is  easy  to  realize.  Apart  from  the  advantage 
of  a  simple  model  construction,  another  important  advantage  of  the  use  of  two-dimensional  models  is  that  in  a 
wind-tunnel  of  given  size  a  model  with  a  substantially  larger  chord  can  be  installed  than  when  a  three-dimensional 
model  is  used.  This  means  that  a  higher  Reynolds  number  can  be  achieved  in  the  same  test  facility  with  a  two- 
dimensional  model. 

The  main  disadvantage  of  two-dimensional  tests  is  of  course  that  the  results  must  be  translated  into  three- 
dimensional  circumstances.  The  conversion  of  the  measured  two-dimensional  data  to  the  corresponding  data  for  a 
three-dimensional  wing  is  never  very  reliable.  This  is  in  particular  true  for  the  maximum  lift,  since  no  simple  relations 
exist  between  the  two-  and  three-dimensional  values  for  this  case.  Uncertainties  in  the  conversion  of  the  data  exist 
even  more  with  swept  wings.  This  manifests  itself  in  the  difficult  question  which  aerofoil  section  of  a  swept  wing 
should  be  chosen  for  the  two-dimensional  model,  the  streamwise  section  or  the  section  perpendicular  to  the  wing 
quarter-chord  line'/  When  the  section  perpendicular  to  the  quarter-chord  line  is  chosen,  the  flow  around  the  two- 
dimensional  aerofoil  is  similar  to  that  around  an  infinite  sheared  wing  according  to  potential  theory.  The  boundary- 
layer  How  on  a  swept  wing,  however,  suggests  that  a  streamwise  section  might  be  a  better  choice  for  the  two- 
dimensional  model.  The  importance  of  a  correct  conversion  of  the  two-dimensional  data  to  three-dimensions  is  not 
so  great  as  one  might  think,  since  it  is  common  that  the  two-dimensional  tests  are  followed  by  three-dimensional 
tests  with  a  complete  aircraft  model.  The  main  goal  of  two-dimensional  tests  is  usually  to  compare  the  effectiveness 
of  various  high-lift  devices,  so  that  a  device  can  be  chosen  for  application  on  the  complete  model. 

When  the  wing  sweep  angle  is  very  large  or  the  aspect-ratio  is  very  small,  two-dimensional  tests  are  senseless. 

This  is  clearly  true  for  instance  for  swept  wings  which  exhibit  a  vortex  How  along  the  wing  leading-edge  at  high 
incidences.  It  is  difficult  to  state  generally  above  which  sweep  angle,  or  below  which  aspect-ratio,  two-dimensional 
tests  become  of  little  value.  The  important  thing  to  keep  in  mind  is  that  the  essential  features  of  the  three- 
dimensional  How  should  be  represented  reasonably  well  by  the  two-dimensional  flow. 

In  the  following,  some  problems  associated  with  two-dimensional  high-lift  tests  will  be  discussed.  First,  some¬ 
thing  will  be  said  about  the  test  set-up  in  the  wind-tunnel,  the  design  of  the  models  and  the  methods  to  determine 
the  forces  on  the  model.  Then  the  tunnel  wall  interference  effects  will  be  discussed.  These  include  the  effect  of 
the  constraint  which  the  tunnel  walls  impose  on  the  flow  as  well  as  the  danger  of  boundary-layer  separations  on  the 
tunnel  walls.  The  necessity  of  boundary-layer  control  at  the  model  tunnel  wall  junctions  will  be  demonstrated. 


2.  TESTING  TECHNIQUES 

2.1  Test  Set-Up  and  Model  Construction 

A  two-dimensional  test  set-up  is  obtained  by  placing  a  finite  span  of  the  aerofoil  between  reflection  planes. 
When  the  aerofoil  model  spans  the  tunnel,  the  tunnel  walls  will  form  the  reflection  planes.  Two-dimensional  tests 
are  performed  often  in  general-purpose  wind-tunnels,  but  wind-tunnels  also  exist  that  are  specially  designed  for  two- 
dimensional  work.  The  height/breadth  ratio  of  the  test  section  of  these  special  tunnels  usually  is  relatively  large. 

In  this  test  section  the  model  is  mounted  horizontally.  Due  to  the  large  height  of  the  tunnel,  large  chord  models 
can  be  applied  without  an  inadmissible  large  constraint  of  the  How  around  the  aerofoil  by  the  horizontal  tunnel 
walls.  The  geometrical  aspect-ratio  of  these  models  is  small,  however,  so  that  there  is  a  great  risk  that  the  boundary 


I.ivcr  on  i In1  tunnel  Milo  walls  will  allect  the  test  results  appreeiauly.  The  influence  of  the  presence  of  the  tunnel 
still*  walls  on  the  nominally  two-dimensional  flow  will  he  discussed  extensively  in  Section  3.2.  It  may  be  remarked 
m  advance.  1I1.11  the  effects  should  not  he  underestimated,  for  that  reason  very  large  test-section  height  /breadth 
ratios  are  not  advisable  for  two-dimensional  high-lift  tests  generally. 

In  I  igurc  I  some  possible  test  set-ups  in  a  wind-tunnel  with  a  normal  test-section  height/breadth  ratio  are 
shown.  I  he  most  simple  possibility  is  a  model  that  spans  the  tunnel  completely  from  wall  to  wall.  In  Figure  I  a 
horizontal  model  is  shown  spanning  the  larger  dimensions  of  the  test  section;  but  the  model  may  be  mounted  also 
vertically,  ol  course.  In  tact,  with  a  vertical  model  that  spans  the  smaller  dimension  of  the  test  section,  generally 
a  better  compromise  is  obtained  between  the  magnitude  of  the  interference  effects  of  the  tunnel  walls  parallel  to  the 
model  and  those  perpendicular  to  the  model.  Moreover,  from  model  strength  considerations,  a  smaller  model  span 
is  an  advantage.  I  lie  principle  drawback  of  a  model  spanning  the  tunnel  is  that  the  boundary  layer  on  the  tunnel 
walls  is  usually  thick,  so  that  the  wall  boundary-layer  interference  effects  may  be  quite  severe.  To  avoid  this,  large 
lulse  walls  from  tunnel  roof  to  floor  may  be  installed  with  the  model  mounted  horizontally  inbetween  (see  Figure  1). 
I  he  boundary  layers  on  the  false  walls  will  be  much  thinner  than  on  the  tunnel  walls.  An  important  drawback  of 
this  test  set-up.  however,  is  that  the  false  walls  divide  the  test  section  into  three  separate  channels.  The  distribution 
ol  the  mainstream  How  between  the  three  channels  depends  on  the  resistance  in  the  three  channels.  The  velocity 
in  the  centre  section  is  therefore  not  necessarily  equal  to  the  mean  velocity  in  the  test  section.  As  a  matter  of  fact, 
the  velocity  in  the  centre  section  has  been  found  to  differ  considerably  from  the  mean  velocity.  The  difference 
varies  when  the  model  drag  alters.  It  will  be  evident  that  in  these  circumstances  the  calibration  of  the  velocity  in 
the  centre  section  will  give  rise  to  large  troubles.  In  practice,  it  appears  often  impossible  to  avoid  important  uncer¬ 
tainties  in  the  determination  of  the  tree-stream  velocity  for  the  model.  An  improvement  is  achieved  when  dummy 
models  are  mounted  between  the  false  walls  and  the  tunnel  walls,  since  the  resistance  in  the  three  channels  will  be 
approximately  equal  in  that  case.  At  large  incidences  the  dummies  will  stall  earlier  than  the  centre  section,  however, 
so  that  again  the  determination  of  the  free-stream  velocity  presents  difficulties. 

Another  possible  test  set-up  consists  of  a  model  between  end-plates  that  do  not  span  the  tunnel  (Fig.  1).  To 
preclude  the  test  section  being  divided  effectively  into  three  channels,  the  height  of  the  end-plates  should  not  exceed 
half  the  tunnel  height1 .  With  end-plates  a  ehordwise  loading  independent  of  the  spanwise  position  is  soon  obtained, 
but  very  large  end-plates  are  necessary  to  obtain  a  lift-incidence  curve  slope  near  the  two-dimensional  value.  This  is 
predicted  also  by  the  theory  of  Mangier1.  For  instance,  with  a  geometrical  aspect-ratio  A  =  3  and  end-plates  of 
a  height  three  times  the  model  chord,  the  effective  aspect-ratio  is  only  A  =  8.3  according  to  Mangler’s  calculations, 
which  means  that  the  lift-incidence  curve  slope  is  still  207/  below  that  in  really  two-dimensional  conditions. 

From  the  three  test  set-ups  that  have  been  discussed,  the  most  simple  one,  with  the  model  spanning  the  tunnel, 
appears  to  be  the  most  advisable.  A  primary  reason  is  that  a  reduction  of  the  boundary-layer  thickness  on  the  walls 
connected  to  the  model,  which  is  the  main  advantage  of  the  other  test  set-ups,  does  not  seem  to  lead  to  substantial 
reductions  of  the  wall  boundary-layer  interference  effects.  It  appears  that  the  mere  presence  of  a  wall  at  the  model 
ends  is  more  important  than  the  thickness  of  the  boundary  layer  on  that  wall.  The  fact  that  the  velocity  diminishes 
to  zero  at  the  wall  is  apparently  most  essential,  while  the  way  the  velocity  diminishes  to  zero  seems  to  be  a  second 
order  effect. 

Figure  2  gives  a  photograph  of  a  two-dimensional  aerofoil  model  mounted  vertically  between  the  upper  and 
lower  turntable  of  the  wind-tunnel.  The  incidence  of  the  model  can  be  adjusted  by  rota'iug  the  turntables.  The 
forces  on  this  model  were  deduced  from  static  pressure  measurements  on  the  surface  at  the  mid-span  section.  If 
the  forces  are  measured  with  a  balance,  the  test  arrangement  is  not  so  simple.  The  model  forces  may  be  measured 
with  the  external  balance  of  the  tunnel  or  with  an  internal  strain-gauge  balance.  In  both  cases  it  is  advisable  to 
divide  the  model  into  a  centre  section  and  two  outboard  sections  and  to  measure  only  the  forces  on  the  centre 
section,  so  that  a  direct  influence  of  the  wall  boundary  layer  on  the  test  results  is  avoided.  Figure  3  shows  a  typical 
test  arrangement,  which  employs  an  external  balance  to  measure  the  model  forces’.  The  centre  section  is  connected 
to  the  tunnel  floor  balance  with  struts.  The  main  difficulty  with  such  test  arrangement  is  to  keep  the  displacement 
of  the  centre  section  relative  to  the  dummy  sections  within  acceptable  limits.  The  small  gaps  between  the  centre- 
section  and  the  dummies  should  be  sealed,  since  any  appreciable  leakage  of  air  from  the  lower  to  the  upper  surface 
may  result  in  local  lift  losses.  This  can  be  done  with  little  balance  constraint  by  fitting  an  inflatable  rubber  seal  or 
by  filling  the  gap  with  soft  felt.  When  the  model  forces  have  to  be  measured  with  an  internal  balance,  a  simple 
solution  for  a  two-dimensional  test  set-up  might  be  to  use  two  strain-gauge  balances,  one  between  each  dummy  and 
the  centre  section.  Such  an  arrangement  is  less  advisable,  however,  because  of  the  large  effects  that  deformations 
of  the  tunnel  structure  (e.g.  by  temperature  changes)  have  on  the  balance  readings.  One  is  forced  therefore  to  use 
one  internal  balance,  preferably  in  the  middle  of  the  centre  section.  This  balance  must  be  connected  to  ‘‘earth” 
via  a  supporting  beam  inside  the  model  centre  section,  but  nowhere  touching  it.  Figure  4  shows  an  example  of  a 
tesi  arrangement  with  an  internal  strain-gauge  balance'1 . 

I  he  models  are  usually  made  out  of  metal  or  out  of  a  metal  frame  with  a  covering  of  synthetic  resin  such  as 
■ii -i lil i t e.  I  he  construction  of  two-dimensional  models  gives  no  great  trouble  generally.  Some  difficulties  may  occur 
with  the  construction  of  leading-edge  slats,  since  these  slats  are  thin  and  the  loads  on  the  slats  are  high.  The  lift 
*'ii  a  >lai  may  well  be  as  large  as  a  quarter  of  the  tola)  lift  on  the  airfoil.  A  construction  with  an  acceptable  stiff¬ 
ness  can  usually  be  attained  by  applying  a  sufficient  number  of  slat  brackets.  The  design  of  a  good  Hap  or  slat 
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bracket  is  not  so  easy,  since  it  is  a  normal  requirement  t hat  the  flaps  and  slats  will  be  rotatable  and  movable  in 
horizontal  and  vertical  direction,  while  the  brackets  should  also  disturb  the  flow  as  little  as  possible,  Figure  5  gives 
a  sketch  of  a  flap  bracket,  which  is  kept  very  thin  to  minimise  flow  disturbances.  If  the  size  of  the  brackets  is  very 
small,  which  will  often  be  the  case  with  flap  vane  brackets  for  instance,  the  only  solution  may  be  to  use  a  set  of 
alternative  brackets  for  every  position  to  be  investigated.  When  boundary-layer  control  by  blowing  or  suction  is 
applied  or  when  a  jet-flap  is  employed,  attention  should  be  paid  to  the  uniformity  with  which  the  air  is  blown  or 
sucked  over  the  span.  A  satisfactory  spanwise  distribution  is  not  easily  achieved  sometimes  with  jet-flaps,  because 
of  the  large  amounts  of  air  that  have  to  be  supplied.  It  is  profitable  in  such  cases  to  utilise  excess  pressure  air,  so 
that  the  required  duct  areas  in  the  model  may  be  reduced  by  increasing  the  airfeed  pressure.  When  the  forces  on 
the  model  are  determined  by  balance  measurements,  the  air  must  be  fed  into  the  model  without  significant  balance 
constraints.  An  extensive  discussion  of  the  possible  methods  of  minimising  constraints  front  airfeeds  to  models,  is 
given  in  References  I,  3,  4  and  5. 

2.2  Measuring  Methods 

The  forces  on  the  model  may  be  measured  directly  with  a  balance  or  may  be  deduced  from  pressure  measure¬ 
ments.  The  use  of  a  balance  has  the  advantage  that  the  reduction  of  the  test  data  is  straightforward  and  quick,  but 
the  model  construction  is  complicated,  as  discussed  earlier.  When  the  forces  are  measured  by  pressure-plotting  of 
the  model,  the  model  is  much  easier  to  make,  notwithstanding  the  numerous  pressure  tubes  that  have  to  be  installed. 
An  important  advantage  of  pressure-plotting  measurements  is  that  a  partition  of  the  model  in  a  centre  section  and 
two  outboard  dummy  sections  is  not  necessary.  This  means  that  there  are  no  gaps  between  the  sections,  and  thus 
there  is  no  risk  of  air  leakage  through  the  gaps  and  of  discontinuities  in  the  model  surface.  Pressure-plotting  should 
not  be  regarded  simply  as  an  alternative  to  the  use  of  a  balance,  as  pressure  measurements  give  a  great  deal  of 
fundamental  information,  besides  the  overall  forces.  This  information  might  be  very  useful  if  a  new  flap  or  slat 
shape  has  to  be  designed,  when  the  investigated  flap  or  slat  proves  to  be  unsatisfactory.  The  loads  on  the  flap  and 
slat,  which  arc  needed  for  the  structural  design  of  the  actual  aircraft,  can  also  be  deduced  from  the  pressure 
measurements.  A  practical  drawback  is  that  each  model  modification  has  consequences  also,  for  some  pressure 
tubing,  and  that  pressure  tubes  have  to  be  installed  in  each  new  model  part. 

The  number  of  pressure  holes  required  for  an  accurate  integration  of  the  pressure  varies  generally  between  60 
and  130,  depending  on  the  complexity  of  the  high-lift  devices.  Relatively  many  pressure  holes  should  be  placed  in 
regions  with  large  pressure  variations,  i.e.  near  the  leading-edges  of  the  wing,  the  flap  and  the  slat.  The  pressures 
can  be  recorded  quickly  with  automatic  scanning  devices  and  pressure  transducers.  With  a  modern  data  processing 
equipment  and  an  electronic  computer,  the  integration  of  the  pressures  to  the  overall  forces  should  not  cause  much 
trouble. 

The  scanning  speed  may  be  severely  limited  by  the  large  resistance  of  the  pressure  tubes  between  the  holes  in 
the  model  surface  and  the  transducer.  This  can  be  avoided  by  putting  a  buffer  volume  near  the  scanning  device  at 
the  end  of  each  tube.  In  this  volume,  the  pressure  will  adjust  itself  to  the  pressure  on  the  model  surface  before  the 
pressures  are  scanned.  The  buffer  volume  must  be  very  much  larger  than  the  pressure  transducer  volume,  since 
otherwise  the  measured  pressure  will  depend  on  the  previous  pressure  applied  to  the  transducer.  A  multi-manometer 
may  be  helpful  to  indicate  leaks  in  the  pressure  tubes  during  the  tests  and  gives  an  immediate  impression  of  the 
pressure  distribution  over  the  aerofoil.  If  the  multi-manometer  is  placed  near  the  scanning  device,  its  volume  may 
serve  as  the  buffer  volume  mentioned  earlier.  For  an  aerofoil  near  stall,  it  is  possible  that  the  flow  over  the  aerofoil 
is  intermittently  attached  and  separated.  Such  a  change  of  flow  condition  should  not  occur  during  the  time  needed 
to  scan  the  pressures,  since  otherwise  the  recorded  pressures  belong  partly  to  a  separated  and  partly  to  an  attached 
flow,  and  consequently  unrealistic  results  are  obtained.  In  these  circumstances  it  is  necessary  to  shut  off  the  pressure 
tubes  just  before  scanning  the  pressures. 

The  forces  on  a  two-dimensional  model  can  not  only  be  determined  by  pressure-plotting  of  the  model,  but  also 
by  pressure-plotting  of  the  tunnel  walls  facing  the  model.  The  resultant  force  on  these  walls  should  be  equal  to  the 
total  lift  of  the  aerofoil.  A  kind  of  mean  lift  over  the  full  m^de!  span  is  obtained  in  this  way,  even  when  the  pres¬ 
sures  on  the  tunnel  walls  are  measured  only  along  the  centre-line.  An  accurate  value  for  the  pitching  moment  of 
the  aerofoil  is  difficult  to  achieve  from  the  tunnel  wall  pressures,  so  that  for  the  determination  of  the  pitching 
moment  a  balance  is  still  needed.  Also  no  drag  data  are  obtained. 

From  pressure  measurements  on  the  model  surface,  only  the  pressure  drag  of  the  aerofoil  is  obtained,  not  the 
friction  drag  which  may  constitute  a  large  part  of  the  total  drag.  When  performing  pressure-plotting  measurements, 
the  total  profile  drag  must  be  obtained  in  another  way,  usually  from  measurements  of  the  total-head  and  static 
pressure  in  the  wake  behind  the  model.  In  principle,  the  fact  that  the  drag  must  be  determined  from  wake  traverses 
should  be  considered  as  one  oi  the  drawbacks  of  pressure-plotting  measurements.  In  practice,  however,  it  proves  to 
be  nearly  impossible  to  obtain  reasonably  accurate  drag  data  from  balance  measurements  as  well.  This  can  be  shown 
plausible  as  follows. 

Suppose  that  the  effective  aspect-ratio  of  the  model  has  a  finite  value  A  .  The  induced  drag-coefficient 
at  a  lift  coefficient  C/  may  be  written  in  the  form  Cdj  =  Cj  In  A  .  The  order  of  magnitude  of  the  profile  drag  to 
be  measured  is  Cd  ~  0.03  .  If  an  accuracy  of  107/  is  demanded  for  the  profile  drag  measurements,  the  induced 
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ilr.ir  ovll icient  imisl  be  less  than  (j,  <  0.003  .  To  meet  this  requirement  at  a  lift  coefficient  C/  =  4  ,  the  effective 
.I'pcei  ratio  ol  the  model  must  be  larger  than  A  >  1000  .  It  will  be  evident  that  this  is  a  very  high  effective  aspect- 
ratio  ii  r  a  practical  two-dimensional  test  set-up  in  a  tunnel,  liven  when  there  are  no  flow  separations  near  the  model 
tunnel  wall  junctions,  the  circulation  will  decrease  in  the  boundary  layer  on  the  tunnel  wall  connected  to  the  aero- 
loil.  I  lus  will  be  discussed  more  extensively  in  Section  3.2.  Since  deviations  from  the  two-dimensional  condition 
are  inevitable  near  the  tunnel  walls,  it  is  unlikely  that  really  high  effective  aspect-ratios  can  ever  be  realized  in 
practical  cases. 


from  the  loregoing  it  must  be  concluded  that  there  is  little  hope  of  a  reasonably  accurate  determination  of  the 
profile  drag  by  balance  measurements.  Wake  traverses  appear  to  be  the  only  way  to  obtain  accurate  values  for  the 
drag.  Kssentially  the  cause  of  the  problem  is  that  the  drag  is  so  small  compared  with  the  lift.  In  the  case  considered 
earlier,  the  lilt  is  hundred  times  the  drag,  so  that  a  difference  in  the  model  incidence  Aa  =  0.001  rad  =  0.06°  already 
leads  to  an  error  of  I  0'f  in  the  drag,  if  measured  with  a  balance. 


Wake  measurements  can  be  carried  out  most  conveniently  at  a  distance  of  a  half  to  one  chord  behind  the  trailing- 
edge  ol'  the  aerofoil.  The  rake  used  for  the  wake  traverses  should  be  suitable  for  small  wakes  as  well  as  for  large 
wakes,  since  the  drag  may  differ  considerably  at  various  incidences  and  for  various  model  configurations.  This  means 
that  numerous  total-head  tubes  will  be  necessary  in  general.  The  wake  pressures  can  be  measured  also  by  a  pressure 
transducei  with  a  scanning  device  and  the  data  can  be  integrated  to  the. drag  by  a  computer.  In  that  case  it  is 
important  to  chose  an  intelligent  criterion  for  the  wake  boundaries,  where  the  integration  must  start  and  finish. 

Also  with  the  wake  traverse  method,  problems  may  arise  in  connection  with  the  two-dimensionality  of  the 
How.  Usually  wake  traverses  are  made  only  at  one  spanwise  station,  assuming  that  the  wake  behind  the  model  will 
be  precisely  two-dimensional.  It  appears  that  this  is  not  always  true.  Substantial  spanwise  variations  in  the  size  of 
the  wake  have  been  found  in  certain  cases.  Figure  6  gives  an  example  of  the  magnitude  of  the  variations  that  have 
been  measured.  The  drag  deduced  from  wake  traverses  has  been  plotted  there  against  the  spanwise  position  at  which 
the  wake  traverse  was  made.  All  wake  traverses  were  made  here  at  approximately  one  chord  distance  behind  the 
aerofoil  t railing-edge.  It  is  apparent  that  the  measured  drag  varies  considerably  over  relatively  small  spanwise  dis¬ 
tances.  There  is  no  clear  correspondence  between  the  drag  variations  and  the  position  of  the  flap  and  vane  brackets. 
Behind  the  vane  bracket  the  wake  drag  is  smaller  and  not  larger  than  the  mean  wake  drag,  which  can  be  explained 
by  secondary  flows,  however.  Between  the  vane  bracket  and  the  model  centre  the  wake  drag  increases  twice  without 
apparent  cause.  The  drag  varia’ion  seems  to  be  almost  periodic  with  a  wave  length  in  the  order  of  10%  to  15% 
chord.  The  results  suggest  that  wakes  may  be  inherently  unstable  in  certain  circumstances.  It  should  be  realized 
that  a  row  of  rather  weak  streamwise  vortices  is  sufficient  to  obtain  the  observed  variations  in  wake  size.  It  is  not 
clear  under  which  circumstances  spanwise  variations  are  likely  to  occur.  The  available  evidence  up  to  now  suggests 
that  non-uniform  wakes  become  more  probable  at  high  lift  coefficients,  but  in  any  case  the  particular  flap  configura¬ 
tion  that  is  investigated  plays  an  important  part  too. 

It  is  evident  from  the  foregoing  that  it  is  always  necessary  to  check  the  two-dimensionality  of  the  wake  if  reliable 
drag  data  are  demanded.  This  may  be  done  by  employing  two  or  three  rakes  at  different  spanwise  positions.  When 
the  wake  drag  does  vary  appreciably,  still  more  wake  traverses  are  needed  to  obtain  a  good  mean  value  for  the  drag. 


3.  TUNNEL  WALL  INTERFERENCE  EFFECTS 
3.1  The  Effect  of  the  Walls  Parallel  to  the  Model 

Due  to  the  presence  of  the  tunnel  walls  the  flow  around  the  model  will  be  distorted  to  some  extent,  so  that 
the  forces  on  the  model  in  the  tunnel  will  not  be  precisely  equal  to  the  forces  in  an  unlimited  stream.  Therefore, 
corrections  must  be  applied  to  the  test  data  for  tunnel  interference  effects.  One  distinguishes  between  the  inter¬ 
ference  effects  due  to  blockage  of  the  flow  by  the  model  (and  the  wake  of  the  model)  and  the  effects  associated 
with  the  lift  on  the  model.  The  latter  is  the  most  important  for  high-lift  tests  and  therefore  the  discussion  will  be 
limited  here  to  thu  tunnel  wall  interference  effects  due  to  lift. 

flic  magnitude  of  the  tunnel  wall  corrections  is  normally  obtained  by  calculating  the  difference  between  the 
inviscid  flow  around  the  model  in  the  tunnel  and  that  in  an  unlimited  stream.  The  flow  around  a  two-dimensional 
model  in  the  presence  of  the  two  tunnel  walls  below  and  above  the  model  may  be  determined  by  considering  the 
flow  around  an  infinite  series  of  alternately  inverted  and  erect  images  of  the  model.  The  interference  effect  is  then 
given  by  the  influence  of  the  infinite  series  of  images  on  the  flow  at  the  model.  In  practice,  it  is  customary  to 
introduce  a  simplified  representation  of  the  actual  model.  When  the  model  is  represented  by  one  single  lifting 
vortex  on  the  centre-line  of  the  tunnel,  the  contributions  of  the  infinite  series  of  vortices  of  alternating  sign  cancel 
each  other  at  (lie  position  of  the  vortex,  so  that  there  is  no  tunnel  wal1  interference  effect  to  a  first  order  approxima¬ 
tion.  However,  the  images  do  induce  a  curvature  of  the  flow,  which  a.-.o  affects  the  model  forces,  if  the  model 
chord  is  not  vanishingly  small.  The  influence  of  the  flow  curvature  can  be  translated  into  a  change  of  aerofoil 
camber  and  incidence  and  in  this  way  a  tunnel  wall  correction  to  the  lift  and  pitching  moment  can  be  determined, 
as  discussed  for  instance  in  Reference  7.  The  corrections  may  be  written  in  the  form: 
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where  Cy  and  C  are  lift  and  pitching  moment  coefficient  and  c/h  is  ihe  aeroloil-chord  tunnel-height  ratio. 

These  formulae  are  correct  to  the  order  (c/h)2  and  are  valid  only  at  small  model  incidences  and  small  flap  angles, 
since  the  model  is  assumed  to  lie  entirely  on  the  tunnel  centre-line. 

From  the  given  formulae,  it  might  be  concluded  that  fairly  large  chords  can  he  applied  for  two-dimensional 
models  in  wind-tunnels  without  an  unacceptable  tunnel  wall  constraint.  The  state  of  things  is  less  favourable  than 
it  seems  to  be,  however.  The  main  reason  is  that  the  presence  of  the  tunnel  walls  does  not  lead  simply  to  an  overall 
change  in  the  stream  direction,  but  to  an  induced  flow  curvature,  so  that  the  pressure  distribution  over  the  aerofoil 
will  be  essentially  different  from  that  in  an  unlimited  stream.  It  is  evident  that  the  influence  of  the  tunnel  wall 
constraint  on  the  maximum  lift  is  not  really  predictable  in  these  circumstances,  besides  this,  the  assumption  that 
the  incidence  and  the  flap  angle  are  small  appears  to  be  rather  restrictive  in  practice.  In  Figure  7.  the  approximate 
tunnel  wall  correction  to  the  lift  is  compared  with  the  correction  for  a  flat  plate  with  a  plain  flap  according  to  exact 
inviscid  theory.  Exact  solutions  are  given  at  zero  flap  deflection  and  varying  incidence  (Kel'.M)  and  at  zero  incidence 
and  varying  flap  angle9.  In  the  first  ease  the  differences  between  the  approximate  and  exact  tunnel  wall  corrections 
are  small,  but  it  is  apparent  that  large  discrepancies  occur  when  the  flap  is  deflected.  For  flap  angles  exceeding  50° 
the  approximate  tunnel  wall  correction  formulae  given  earlier  appear  to  be  not  valid  anymore.  The  approximate 
formulae  overestimate  the  corrections  substantially  at  larger  flap  angles.  At  very  large  flap  angles,  the  correction 
even  changes  sign  according  to  the  exact  theory  for  a  hinged  Hat  plate. 

The  large  discrepancy  between  the  results  of  the  exact  and  the  approximate  theory  is  somewhat  surprising.  It 
should  be  realized,  however,  that  the  approximate  theory  is  based  on  the  induced  flow  curvature,  leading  to  correc¬ 
tions  of  the  order  (c/h)2  ,  because  for  a  model  placed  centrally  in  the  tunnel  there  are  no  corrections  of  the  order 
c/h  .  When  the  model  does  not  coincide  exactly  with  the  tunnel  centre-line,  as  happens  when  a  flap  is  deflected, 
corrections  of  the  order  c/h  will  be  introduced,  which  may  well  cause  large  differences  in  the  corrections  to  be 
applied.  This  does  not  yet  explain  why  the  deviations  from  the  approximate  corrections  for  Ihe  flat  plate  without 
(lap  are  so  small  compared  with  the  deviations  with  deflected  flap.  It  is  important  to  note  that  it  is  assumed  that 
when  an  incidence  is  applied,  part  of  the  plate  moves  upwards  and  part  of  it  downwards,  so  that  the  effects  of  the 
off-centre  position  of  both  parts  will  cancel  each  o.her  to  some  extent.  Since  Ihe  larger  portion  of  the  load  is  on 
the  forward  part  of  the  plate,  which  moves  in  a  direction  contrary  to  that  of  a  deflected  flap,  the  deviations  from 
the  approximate  corrections  must  be  opposite  to  those  due  to  flap  deflection.  This  is  in  accordance  with  Figure  7. 
Another  reason  for  the  comparatively  small  deviations  due  to  incidence  is  that  only  incidences  up  to  roughly  20° 
are  considered.  For  flap  angles  of  this  magnitude  the  deviations  from  the  approximate  corrections  are  also  not  large. 

It  will  be  clear  from  the  foregoing  that  the  use  of  relatively  large  two-dimensional  models  is  not  recommended 
for  high-lift  tests.  The  model-chord/tunnel-height  ratio  should  never  be  chosen  larger  than  e  h  =  0.50  .  If  large 
flap  angles  are  applied,  a  model  chord/tunnel  height  ratio  c/h  =  0.25  is  more  advisable.  When  very  high  lift  coef¬ 
ficients  ate  achieved,  it  is  possible  that  the  boundary  layers  on  the  tunnel  walls  below  and  above  the  model  will 
separate  due  to  the  presence  of  the  model.  This  may  also  set  a  limit  to  the  model  size,  as  will  be  discussed  next. 

Though  the  pressure  gradients  on  the  tunnel  walls  parallel  to  the  model  are  much  smaller  than  Ihe  pressure 
gradients  on  the  model,  it  is  still  possible  that  flow  separation  occurs  first  at  the  tunnel  walls,  because  the  boundary 
layer  on  the  tunnel  walls  is  very  much  thicker  than  the  model  boundary  layer.  At  high  lilt  coefficients  the  model 
may  induce  quite  substantial  pressure  gradients  on  the  tunnel  walls,  even  with  moderate  model-chord  tunnel-height 
ratios.  In  Figure  8.  the  variation  with  streannvise  distance  of  the  pressure  coefficient  ty  on  the  tunnel  walls  is 
given  for  a  lift  coefficient  Cf  =  4  and  a  model-chord/tunnel-height  ratio  e  h  =  0.50  .  The  pressures  on  the 
tunnel  walls  have  been  calculated  theoretically,  assuming  that  ihe  high-lilt  model  may  be  replaced  by  one  vortex  of 
the  correct  strength.  It  is  apparent  from  Figure  8  that  there  is  a  risk  of  flow  separation  on  both  tunnel  walls.  On 
the  tunnel  wall  at  the  pressure  side  of  the  model  the  flow  may  separate  upstream  of  the  model,  while  on  the  wall 
at  the  suction  side  the  flow  is  in  danger  of  separation  downstream  of  the  model.  Of  course,  such  flow  separations 
will  affect  the  model  test  results  substantially.  Flow  separations  on  these  tunnel  walls  must  be  avoided  therefore. 

The  magnitude  of  the  pressure  gradients  on  the  tunnel  walls  parallel  to  the  model  is  determined  to  a  first  order 
approximation  by  the  parameter  F/Un.h  ,  for  a  model  with  a  circulation  F  at  a  tunnel  speed  0  and  a  tunnel 
height  It  .  This  parameter  may  also  be  written  in  the  more  convenient  form  Cue'll  .  funnel  wall  boundary-layer 
calculations  that  have  been  carried  out  for  one  case,  gave  separation  at  C^.e  h  *  2  according  to  D.N. Foster.  RAF. 
(private  communication).  In  practice,  he  found  that  separation  occurred  at  a  somewhat  higher  value  of  (yc  h  . 

To  meet  the  requirement  Cj.c/li  <  2  for  a  model  with  a  chord  tunnel-height  ratio  c  h  =  0.25  .  the  lift  coefficient 
should  not  exceed  C/  =  8  .  This  means  that  large  risks  of  separation  on  the  tunnel  walls  parallel  to  the  model  only 
exist  if  extremely  high  lift  coefficients  are  achieved,  at  least  for  models  with  a  normal  chord  tunnel-height  ratio.  It 
should  be  realized,  however,  that  the  admissible  value  of  the  parameter  (ye ’ll  will  depend  on  the  relative  thickness 
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Dl  I  Ik-  boundary  layer  on  the  tunnel  walls.  5  h  .  In  tunnels  witli  comparatively  thick  wall  boundary  layers,  separa¬ 
tions  will  occur  much  earlier.  Therefore  the  possibility  of  flow  separations  on  the  tunnel  walls  parallel  to  the  model 
should  always  he  kept  in  mind. 

.1.2  l  lfeet  of  the  Walls  Perpendicular  to  the  Model 

I  he  inierlerenee  elleets  of  the  tunnel  walls  perpendicular  to  the  model  are  due  completely  to  the  boundary 
laser  on  these  walls,  i  lie  houndary-layer  interference  effects  may  be  very  severe,  however,  in  partieular  at  large 
incidences  near  the  stall  of  the  aerofoil.  Also,  at  small  incidences  the  effects  of  the  boundary  layer  are  not  negligible. 

\  simple  example  is  the  effect  on  the  position  of  the  transition  from  laminar  to  turbulent  fiow  near  the  walls.  On 
a  ll.tl  plate  the  turbulence  has  been  found  to  spread  from  the  tunnel  walls  with  an  angle  of  roughly  10°.  When 
pressure  gradients  are  present,  the  flow  mechanism  near  the  wall  junctions  becomes  very  complicated  due  to  the 
strong  secondary  flows  that  are  generated.  If  there  is  a  lift  on  the  model,  the  related  circulation  must  decrease  in 
the  tunnel  wall  boundary  layer.  At  the  wall,  circulation  (not  the  lift)  is  zero,  so  that  vortices  with  a  total  strength 
equal  to  the  circulation  around  the  aerofoil  must  extend  to  infinity.  It  is  difficult  to  establish  along  which  paths 
the  vortices  actually  leave  the  model  and  go  to  infinity,  since  this  depends  on  the  secondary  flows  that  are  generated 
at  the  model  tunnel  wall  junction.  The  vortices  that  leave  the  model  will  in  general  affect  the  two-dimensionality  of 
the  llow.  Since  the  vortices  are  situated  very  near  the  tunnel  wall,  the  reflected  vortices  will  partly  compensate  the 
effects.  The  results  of  early  theoretical  calculations  on  the  effect  of  the  vortices  on  the  two-dimensionality  of  the 
now10,11  did  not  at  all  agree  with  the  experimental  results12.  The  main  reason  for  this  probably  is  the  much  too 
simple  assumption  that  was  made  in  the  theories  about  the  position  of  the  vortices  leaving  the  model.  It  was  assumed 
that  the  vortices  are  concentrated  behind  the  model  tunnel  wall  junctions,  while  in  fact  they  will  be  distributed  in 
all  directions  over  the  tunnel  walls.  It  will  not  be  easy  to  solve  this  interference  problem  theoretically,  because 
viscous  effects  play  an  essential  role.  As  long  as  now  How  separations  occur,  the  interference  effects  are  not  very 
large  generally.  In  that  ease  they  will  seldom  lead  to  great  errors  in  the  test  data,  provided  that  only  the  forces  on 
a  centre  section  of  the  model  are  measured  and  the  drag  is  determined  by  wake  traverses.  This  is  not  true  anymore, 
however,  if  premature  flow  separations  occur  at  the  model  tunnel  wall  junctions,  as  will  be  discussed  next. 

The  boundary  layer  at  the  model  tunnel  wall  junction  will  separate  with  a  smaller  adverse  pressure  gradient  than 
the  boundary  layer  on  the  model  itself.  If  no  measures  are  taken,  separated  regions  are  usually  found  near  the  walls 
at  incidences  well  below  the  stalling  incidence  of  the  model  centre  section.  These  separated  regions  spread  spanwise 
in  triangular  wedges  with  an  angle  of  the  order  of  45°.  This  means  that  for  a  model  with  a  geometrical  aspect-ratio 
A  <  2  ,  flow  separations  may  exist  at  the  centre  section,  which  originate  from  the  tunnel  walls.  At  larger  geometrical 
aspect-ratios,  there  is  a  very  considerable  indirect  influence  of  the  flow  separations  near  the  walls  on  the  measured 
forces  at  the  mid-span  section.  This  indirect  influence  is  due  to  the  large  local  lift  losses  that  are  associated  with  the 
How  separations.  The  local  lift  losses  near  the  walls  lead  to  a  reduction  of  the  effective  aspect-ratio  of  the  model, 
so  that  the  geometrical  incidence  of  the  model  in  the  tunnel  will  increase  faster  than  the  effective  incidence  at  mid¬ 
span.  It  is  possible  that  the  effective  incidence  even  decreases  with  increasing  geometrical  incidence.  This  has  been 
made  plausible  by  De  Vries  in  an  analysis  of  the  results  of  a  two-dimensional  investigation13.  It  seems  worthwhile 
to  summarise  the  analysis  here. 

l  or  this  investigation  a  12 ')'<  thick  aerofoil  model  was  used  with  a  geometrical  aspect-ratio  A  =  3.5  ,  and  mounted 
between  the  tunnel  walls.  Drag  data  of  this  model  were  obtained  from  pressure  measurements  on  the  model  surface 
and  from  wake  traverse  measurements.  An  estimate  of  the  induced  incidence  at  mid-span  can  be  made  by  considering 
the  difference  between  the  results  of  both  methods  of  drag  measurement,  since  the  drag  determined  by  pressure¬ 
plotting  of  the  model  includes  an  “induced  drag”  term,  while  the  drag  deduced  from  wake  measurements  does  not. 

In  general  the  drag  may  be  written  in  the  form: 

cd  =  cdio>  +  k  q  . 

It  is  the  last  term  in  the  equation,  which  is  of  interest  here.  One  may  divide  the  term  K.Cj  into  three  parts;  a 
part  due  to  the  induced  drag,  Kj.C(2  ,  a  part  associated  with  the  profile  pressure  drag,  Kp.Cj  ,  and  a  part  associated 
with  the  profile  friction  drag,  Kf.Cj  .  The  last  two  parts,  (Kp  +  Kp).C^  ,  constitute  together  the  profile  drag,  which 
is  measured  when  wake  traverses  are  carried  out.  The  sum  of  the  first  two  parts,  (K;  +  Kp).C2  ,  is  obtained  by 
pressure  plotting  measurements.  In  order  to  calculate  the  induced  incidence,  two  different  assumptions  are  possible. 

It  is  possible  to  assume  that  the  increase  of  the  drag  determined  by  pressure  plotting  with  lift  is  completely  due  to 
the  induced  drag.  This  means  that  it  is  supposed  that  K  =  0  .  The  induced  incidence  thus  found  will  overestimate 
the  real  value.  It  may  also  be  assumed  that  only  the  difference  between  the  drag  determined  by  pressure-plotting 
and  by  wake  traverses  is  due  to  the  induced  drag.  In  that  case,  it  is  supposed  in  fact  that  Kf  =  0  .  The  obtained 
induced  incidence  will  now  be  an  underestimate  of  the  real  value. 

In  Figure  9,  the  maximum  am.  minimum  value  thus  estimated  of  the  induced  incidence  ctj  at  mid-span  is 
plotted  against  the  geometrical  incidence  ag  for  a  typical  case.  The  difference  between  the  maximum  and  minimum 
value  appears  to  be  sufficiently  small  to  draw  conclusions  from  the  results.  The  induced  incidence  is  seen  to  be 
rather  small  at  small  and  moderate  geometrical  incidences,  but  the  induced  incidence  increases  fast  at  large  geometrical 
incidences,  when  severe  llow  separations  occur  near  the  tunnel  walls.  It  is  particularly  important  to  note  that  the 
rate  of  increase  of  the  induced  incidence  then  soon  exceeds  the  rate  of  increase  of  the  geometrical  incidence,  which 
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means  that  the  effective  incidence  of  the  model  decreases  with  increasing  incidence.  The  geometrical  incidence,  at 
which  the  rate  of  increase  of  the  induced  and  the  geometrical  incidence  are  equal,  daj/dag  =  I  ,  coincides  practically 
with  the  incidence  at  which  the  maximum  lift  was  measured  at  mid-span.  Consequently,  the  conclusion  must  be 
drawn  that  the  stalling  incidence  never  was  attained  at  mid-span.  What  actually  happens  is  shown  clearly  in  Figure  10. 
where  the  measured  lift  coefficient  Cj  at  mid-span  is  plotted  against  the  geometrical  incidence  ag  and  also  against 
the  effective  incidence  ae  (the  maximum  value,  obtained  by  subtracting  the  minimum  value  of  0f|  from  ctg ). 

Though  the  plot  against  the  geometrical  incidence  shows  a  normal  lift  curve  with  a  more  or  less  rounded  peak,  the 
plot  against  the  effective  incidence  demonstrates  that  actually  the  lift  increases  first  nearly  linearly  with  increasing 
incidence  and  then  decreases  because  the  incidence  decreases.  The  pressure  distributions  on  the  model  at  geometrical 
incidences  before  and  beyond  maximum  lift  were  also  found  to  be  almost  identical  at  the  same  lift. 

The  results  given  in  Figures  9  and  10  were  deduced  from  tests  with  an  aerofoil  with  retracted  flap.  Similar 
results  were  obtained  at  a  flap  deflection  of  25°  and  45°.  In  all  these  cases  the  measured  maximum  lift  at  mid-span 
was  determined  completely  by  the  features  of  the  flow  at  the  model  tunnel  wall  junctions,  together  with  the  geo¬ 
metrical  aspect-ratio  of  the  model.  There  is  not  necessarily  any  relation  with  the  maximum  lift  in  a  truly  two- 
dimensional  flow.  It  is  evident  that  two-dimensional  tests  in  such  circumstances  must  be  regarded  as  very  unsatisfactory. 

It  is  not  so  easy  to  avoid  premature  flow  separations  at  the  model  tunnel  wall  junctions.  Simple  modifications, 
like  fairings  at  the  model  ends  or  fences  on  the  model  near  the  walls,  do  not  lead  to  significant  improvements  generally. 
The  only  effective  way  to  cure  the  wall  separations  seems  to  be  the  application  of  boundary-layer  control  by  suction 
or  blowing.  The  first  successful  attempt  to  avoid  the  wall  separations  by  boundary-layer  control  was  probably  made 
by  Boeing14.  Both  blowing  and  suction  at  the  tunnel  walls  were  applied  with  good  results.  At  the  RAF.  tests  have 
been  carried  out  with  suction  of  the  tunnel  wall  boundary  layer  adjacent  to  the  model15.  At  the  MLR.  a  blowing 
boundary-layer  control  system  has  been  developed  to  prevent  flow  separations  near  the  walls.  In  the  following, 
mainly  the  NLR  investigations  in  this  field  will  be  discussed,  because  the  author  is  most  familiar  with  them. 

At  the  NLR,  a  cylindrical  aerofoil  model  was  available  with  blowing  slots  for  boundary-layer  control  at  the 
aerofoil  nose  and  at  the  knee  of  a  trailing-edge  flap.  These  slots  were  divided  into  several  separate  spanwise  sections, 
so  that  in  a  two-dimensional  test  set-up  blowing  could  be  applied  only  over  the  parts  adjacent  to  the  walls.  Though 
blowing  slots  in  the  tunnel  walls  near  the  model  are  to  be  preferred,  of  course,  to  slots  in  the  model  near  the  tunnel 
walls,  it  was  believed  that  experiments  with  this  model  could  be  instructive.  In  Figure  1 1  some  results  arc  given  of 
these  experiments16.  In  the  example  given,  uniform  blowing  was  applied  over  the  Hap  deflected  30°.  but  blowing 
at  the  nose  was  applied  exclusively  through  the  two  slots  adjacent  to  the  walls.  The  variation  of  the  lift  measured 
at  mid-span  with  incidence  is  given  for  various  blowing  momentum  coefficients  C ^  at  the  nose.  The  momentum 
coefficient  is  defined  as  =  mVj/q0c  ;  where  m  equals  the  mass  How  of  blown  air  per  unit  length  of  the  slot. 

Vj  equals  the  blowing  jet  velocity,  q0  equals  the  free-stream  dynamic  head,  and  c  equals  the  model  chord.  It 
is  evident  that  nose  blowing  only  near  the  walls  leads  to  considerable  increments  of  the  maximum  lift  at  mid-span. 
Visualization  of  the  flow  over  the  model  with  tufts  demonstrated  that  the  lower  blowing  momentum  coefficient  at 
the  nose  was  already  sufficient  to  ensure  that  the  flow  separated  first  near  the  model  centre.  A  doubling  of  the  nose 
blowing  momentum  coefficient  near  the  walls  does  not  lead  to  appreciable  further  increments  of  the  maximum  lift 
at  mid-span.  Apparently  the  effect  of  nose  blowing  near  the  walls  becomes  small  as  soon  as  the  blowing  quantity 
exceeds  the  amount  needed  to  avoid  the  onset  of  flow  separation  at  the  model  tunnel  wall  junctions.  This  is  not 
an  unreasonable  result  since,  once  separations  are  avoided  by  blowing,  further  blowing  will  lead  only  to  small  local 
lift  increases  and  consequently  will  alter  the  lift  at  mid-span  very  little.  Substantial  discrepancies  due  to  excess 
blowing  near  the  walls  should  be  expected  only  after  stall,  since  then  the  flow  is  kept  artificially  in  an  attached 
condition,  while  it  ought  to  be  separated.  Discrepancies  beyond  stall  are  regarded  as  less  important  usually,  however. 

It  is  a  very  encouraging  result  that  the  test  data  at  mid-span  are  relatively  insensitive  to  excess  blowing  near  the 
walls,  since  this  means  that  it  is  not  necessary  to  adjust  in  each  case  the  blowing  quantities  carefully  to  get  the  best 
possible  two-dimensional  stall  pattern.  It  should  be  realized  further  that,  with  blowing  slots  in  the  tunnel  walls,  the 
sensitivity  to  excess  blowing  very  probably  will  be  even  much  less  than  in  the  case  considered  here  with  slots  in  the 
model. 

After  this  preliminary  investigation,  tests  were  carried  out  on  a  two-dimensional  aerofoil  model  with  a  double- 
slotted  flap  mounted  between  the  tunnel  walls  with  boundary-layer  control  at  these  walls11.  Blowing  slots  were 
installed  flush  in  both  tunnel  walls  near  the  model  nose  and  just  ahead  of  the  flap.  The  width  of  the  blowing  slots 
is  2  mm  and  the  length  is  300  mm  for  the  slots  near  the  nose  and  500  mm  for  the  rear  slots,  which  extend  above 
and  below  the  shroud  of  the  model  (chord  600  mm).  The  local  forces  on  the  model  were  determined  by  pressure¬ 
plotting  at  a  mid-span  section  and  at  a  section  very  near  a  tunnel  wall.  In  Figure  12.  the  measured  lift  at  mid-span 
and  near  the  wall  without  and  with  blowing  along  the  walls  are  compared  for  a  typical  case.  The  flap  was  deflected 
40°  and  the  same  amount  of  blowing  was  applied  through  all  slots  (C^  =  0.14).  Without  blowing,  the  lift  near  the 
wall  is  seen  to  be  much  smaller  than  the  lift  at  mid-span.  When  blowing  is  applied,  the  lift  at  mid-span  and  near 
the  wall  increase  both  and  become  nearly  equal.  It  mey  be  assumed  therefore  that,  with  blowing  along  the  walls, 
the  two-dimensionality  was  maintained  over  the  whole  incidence  range.  In  Figure  13.  some  more  results  of  this 
investigation  are  given.  The  measured  maximum  lift  at  mid-span  has  been  plotted  there  against  the  blowing  momen¬ 
tum  coefficient  ,  defined  earlier.  It  is  apparent  that  first  the  maximum  lift  increases  fast  with  increasing  amount 
of  blowing  along  the  walls,  but  that  above  a  certain  blowing  momentum  coefficient  the  maximum  lift  remains  con¬ 
stant  within  the  experimental  scatter.  On  account  of  the  results  of  the  preliminary  investigation,  it  was  already 
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expected  that  the  effect  of  blowing  would  become  small  as  soon  as  the  blowing  quantity  exceeds  the  amount  needed 
to  avoid  premature  flow  separations  near  the  model  tunnel  wall  junctions.  The  maximum  lift  remains  constant  here 
for  blowing  momentum  coefficients  above  =  0.03  to  0.0b  .  but  these  values  will  depend  on  the  particular  model 
configuration  and  test  set-up.  In  view  of  the  small  influence  of  excess  blowing,  one  will  apply  generally  blowing 
momentum  coefficients  that  well  exceed  the  minimum  value,  in  order  to  ensure  that  early  flow  separations  near  the 
walls  will  not  occur  in  any  condition. 

In  Figure  13,  results  are  given  for  two  different  positions  of  the  tunnel  wall  blowing  slots  relative  to  the  model. 
With  blowing  configuration  A  the  slots  are  placed  approximately  in  their  optimum  position,  that  is  very  near  the 
regions  with  large  adverse  pressure  gradients.  With  blowing  configuration  B  the  slots  are  situated  at  some  distance 
ahead  of  the  model  nose  and  the  flap.  No  difference  is  seen  to  exist  between  the  results  obtained  with  the  two 
blowing  configurations.  In  some  cases  during  the  investigation  it  was  found  that  with  a  less  favourable  blowing  con¬ 
figuration  a  somewhat  larger  amount  of  blowing  was  needed  to  obtain  the  constant  maximum  lilt  region,  but  for  the 
rest  the  measured  maximum  lift  at  mid-span  seems  to  be  very  insensitive  to  the  position  of  the  blowing  slots.  In 
practice  it  is  very  profitable  to  situate  the  blowing  slots  at  some  distance  ahead  of  the  flap,  since  in  that  case  the 
flap  position  and  flap  angle  may  be  altered  without  changing  also  the  position  of  the  slots  in  the  tunnel  walls.  A 
fundamental  advantage  of  boundary-layer  control  by  blowing  is  that  flow  separations  are  prevented  over  a  large  area 
behind  the  slot,  so  that  the  position  of  the  slot  is  not  very  critical.  Suction  must  be  applied  usually  rather  close  to 
the  areas  with  large  adverse  pressure  gradients,  so  that  the  suction  arrangements  at  the  tunnel  walls  must  be  adapted 
frequently  to  the  particular  model  configuration  tested.  For  that  reason  blowing  might  be  more  practical  than 
suction  for  routine  measurements. 


4.  CONCLUSIONS 

The  following  recommendations  may  be  made  with  regard  to  two-dimensional  high-lift  tests: 

1.  The  model  chord/tunnel  height  ratio  should  not  exceed  c/h  =  0.3  . 

2.  Boundary-layer  control  should  be  applied  at  the  model  tunnel  wall  junctions. 

3.  Only  the  forces  on  a  centre  section  of  the  model  should  be  measured. 

4.  The  drag  should  be  determined  by  wake  traverses;  however,  the  two-dimensionality  of  the  wake  must  be 
checked. 
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Fig.  3  Typical  lest  arrangement  lor  a  model  using  an  external  balance 
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Fig.  4  Typical  test  arrangement  Tor  a  model,  using  an  mtein.il  balance 
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l-ig.5  Possible  flap  bracket  design 


1  ig.o  Spanwise  variation  of  the  wake  drag  of  an  aerofoil  with  a  double  slotted  flap 


I  he  induced  incidence  at  mid-span  due  to  flow  separations  near  the  tunnel  walls,  estimated  from  the 

measured  drag  data 


BLOWING  AT  MODEL  NOSE 


SUMMARY  01"  DISCUSSION 


rein  I  ing  to 

I'WO-DIMLNSIONAL  MODI-.L-I  USTINC  IK  IINK.H'I  S 


I  Spanwise  Variation  of  Wake  Drag 

Spaitwise  variations  of  wake  drag  hail  also  been  measured  In  Boeing.  but  hail  been  altnhiiteil  to  sp.mvv  isc  \ an¬ 
al  ions  of  the  position  of  transit  ion.  I  he  va rial  ions  hail  been  inueh  i  educed  at  lei  1  raiisition  hail  been  I  i\cd  A  l  K  A I 
a  current  practice  was  also  to  li\  transition.  I  Ins  decision  hail  been  made  in  oulei  to  remove  Irmn  the  dr.ig-lilt 
curves  some  lea t nres  which  were  consiilereil  to  be  associated  with  rapid  chordwise  imnenients  ol  the  liaiisitioii 
position. 

2.  Control  of  the  Wall  boundary  Layer  at  the  Wing-Wall  Junction 

A  number  ol  contributors  to  the  discussion  had  had  espcncncc  ol  controlling  the  sepal. itioiis  o|  a  wall  boundary 
layer  by  both  blowing  and  suction.  Hoeing’ s  had  originally  used  suction  but.  due  to  limited  plant  capa.  its.  had  now 
adopted  a  blowing  system.  RAf  had  found  that,  for  Iheii  model  with  a  blown  flap,  blowing  on  the  wall  had  resulted 
in  interference  with  the  wing  boundary -layer  control  system:  so  they  had  developed  a  suction  system  instead.  In 
general,  it  appeared  that  either  boundary-layer  control  system  could  be  effective  in  suppressing  the  separation  of  the 
wall  boundary  layer:  while  further  reasonable  increases  in  the  flow  of  the  boundary-layer  control  system,  above  the 
minimum  level,  seemed  likely  to  have  little  effect  on  the  measured  lorces.  However,  a  warning  was  given  from  the 
Canadair  representative  that,  foi  short  span  models,  the  foues  on  the  wing  which  would  be  measured  by  a  balance 
could  vary  continuously  with  changes  in  the  boundary -layer  control  i|u.mti(ics.  Reference  was  made  to  figure  a  of 
McCill  University  Report  (>‘M  by  T.Selbohm  on  “Boundary-layer  transition  and  wake  measurements  .n  low  Mach 
number  for  an  aerofoil  with  single-slotted  flap". 
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1  .  INTRODUCTION 

The  subject  of  three-dimensional  'High-Lift'  model  testing  is  dealt  with  from  the  point  of  view  of 
the  development  of  a  specific  full-size  project.  Various  topios  and  problems  are  dealt  with,  in 
approximately  the  order  in  which  they  would  normally  arise,  from  initial  concept  to  data  presentation. 
The  number  and  diversity  of  possible  High-Lift  sohemes  Bind  test  procedures  i3  too  great  to  be  desoribed 
fully,  but  an  attempt  has  been  made  to  examine  the  most  important.  Historically,  it  may  be  said  that 
the  field  is  still  expanding,  and  that  the  extension  of  each  end  of  the  speed-range  of  fixed-wing 
airoraft  is  introducing  new  problems  to  be  solved. 

2.  THE  NEED  FOR  THREE-DIMENSIONAL  TESTS  ON  HIGH-LIFT  SYSTEMS 


The  optimised  flow  conditions  which  may  be  determined  by  two-dimensional  testing  will  be  modified 
when  three-dimensions  ore  fully  represented. 

High-speed  flight  requirements  will  dictate  that  the  basic  'clean'  wing  should  have  a  combination 
of  twist  and  taper,  with  spanwise  variations  in  seotion  and  leading-edge  sweepback.  The  High-Lift 
System  will  thus  emerge  from  a  complex  three-dimensional  shape,  and  then  be  subjected  to  non-uniformities 
across  the  span  from  such  causes  as  (Fig.  l):- 

(i)  wing  root  and  tip  effects 

(ii)  end  effeots  and  gaps  in  flaps,  slats,  ailerons,  spoilers  etc. 

(iii)  support-brackets,  and  their  fairings,  for  the  above 

(iv)  local  induced  flow-fields  caused  by  engine  intakes  and  exhausts,  and  propeller  slipstreams 

(v)  features  along  the  wing  such  as  tanks,  nacelles,  pylons  etc. 

(vi)  devices  such  as  Boundary-Layer  Fences,  Leading-edge  notches  and  Vortex  Generators. 

In  order  to  approaoh  the  two-dimensional  Cynax  with  a  three-dimensional  wing,  it  would  be  necessary 
to  make  the  whole  span  reach  the  stall  simultaneously,  and  this  is  difficult  to  achieve  due  to  the 
variation  of  effective  incidence  aoros3  the  span;  nor  is  it  desirable,  since  conditions  would  then 
change  very  suddenly.  The  development  pattern  of  the  stall  must  be  examined,  as  large  rolling-moments 
are  likely  to  be  generated  if  the  tip  stalls  first. 

Even  at  low  incidence  there  will  be  small  areas  of  separated  flow,  difficult  to  predict  y/ithout 
tests,  and  as  the  wing  approaches  the  stall  these  will  increase  and  there  may  also  be  powerful  vortioes 
arising  from  separation  at  the  leading-edge.  Fig.  2  illustrates  typical  differences  between  two- 
dimensional  and  three-dimensional  test  results. 

Three-dimensional  tests  are  needed  to  establish  the  variation  of  CT  with  incidence,  CL  ,  the 
pattern  of  stall  development,  hysteresis  at  the  stall,  and  sensitivity  to  side-slip.  As  we.'.I  as  these 
wing  characteristics,  the  three-dimensional  flow  field  behind  the  High-Lift  wing  can  produce  large 
effects  on  the  tail-unit,  and  tests  on  'complete'  models  are  required  to  establish  the  overall 
longitudinal  and  lateral  stability,  and  control  effectiveness. 

An  additional  bonus  arises  when  an  accurate  three-dimensional  model  is  drawn  and  constructed  early, 
as  it  provides  a  valuable  check  oi.  the  precise  definition  of  the  airoraft  geometry  and  lay-out. 

3.  TOE  CHOICE  OF  TYPE  AND  SIZE  OF  MODEL.  AND  THE  TEST  CONDITIONS 


These  questions  are  often  decided  by  convenience,  cost  and  the  availability  of  test  facilities,  but 
a  most  important  faotor  should  be  the  relationship  of  the  proposed  tests  to  the  aircraft  timescale  and 
budget. 

During  the  early  stages  it  is  vital  to  be  able  to  quickly  compare  the  effectiveness  of  alternative 
High-Lift  sohemes,  whilst  the  design  is  'fluid'  .  Later  on  it  vdll  be  required  to  check  the  preferred 
configuration  results  against  estimates,  using  the  latest  definitions  of  geometry;  then  to  examine  the 
effeots  of  modifications  and  additions.  Fig.  3  shows  how  three  important  attributes  of  a  test  programme 
(including  manufacture  and  result  analysis),  are  required  to  vary  during  the  life  of  a  project.  The 
factors  considered  are  (a)  speed  of  execution,  (b)  accuracy  of  the  results  and  (c)  total  cost.  Since 
there  are  many  alternative  ways  of  examining  'iligh-Lift'  performance,  these  factors  oan  vary  widely.  At 
the  onset:-  speed  is  needed  to  prevent  costly  mistakes;  the  tests  should  be  relate  vely  cheap,  since 
there  will  be  greatest  likelihood  of  changes  in  requirements;  and  accuracy  may  be  sacrifiood  in  order  to 
aohieve  the  first  two,  so  long  as  the  purposes  of  the  tests  are  satisfied.  As  the  project  progresses :- 
speed  is  no  longer  30  important;  there  will  be  more  point  in  spending  money;  and  the  geometry  will  be 
better  defined,  enabling  accuracy  to  be  worth  achieving.  Towards  the  very  end  of  the  project:-  speed 
and  cheapness  are  again  appropriate,  as  there  will  be  little  time  or  money  available. 

Bearing  the  above  considerations  in  mind,  the  main  faotors  affecting  the  choioe  of  model  and  test 
oonditiona  are  shown  in  Fig.  k,  the  lines  between  them  indicating  inter-dependence.  Deciding  upon  the 
best  model  and  test  oonditiona  involves  the  examination  of  many  possibilities. 

3.1  Reynolds  and  Maoh  Numbers 


Ideally,  in  planning  a  te3t  series  we  should  start  by  ensuring  that  Reynolds  Number  and  Maoh  Number 
correspond  to  the  airoraft  values,  i.e.  'take-off',  or  'combat'  conditions  if  required,  and  adjust  the 


otiiur  parameters  to  suit,  finally  measuring  in  the  wind  tunnol  tho  desired  relationships  between 
attitude  and  load -coefficient.  In  practice,  tho  range  of  possible  values  for  V,  p,  ani  L  at  the 
facilities  available  dooo  not  usually  allow  the  correct  Reynolds  No.  or  Maoh  No.  to  be  reached  except 
for  snail  slow-flying  aircraft.  Testing  a  small  model  at  increasing  velooity  oan  attain  the  correot 
Be.  No.,  but  tho  Mach  No.  mey  bo  too  high  and  compressible  flow  conditions  may  lead  to  reduoed  High-Lift 
performance.  Tho  effects  of  compressibility  may  begin  at  surprisingly  low  velocity,  due  to  high  local 
velocity  and  Cp  values  over  slats  and  flaps  etc.  producing  sonic  conditions  at  low  free-stream  Maoh  No 
(See  Pig.  5).  Pig.  6  shows  a  typical  result  of  measuring  on  *  particular  high-lift  modal  at 

increasing  velooity.  with  constant  pressure  and  temperature.  As  tho  velooity  is  inoreased  from  vary  low 
values,  ma ,  also  increases,  that  is  tho  effect  of  Re.  No.  is  benefioial,  but  as  the  Mach  No.  baoones 

significant  there  is  a  falling-off  in  perforomnoe  (Pigs.  7  and  6).  In  this  oonnection,  the  work  of 
Gault  (l)  should  also  be  noted,  where  the  Importance  of  the  relationship  between  aerofoil  leading-edge 
thickness  at  1.25.’^  chord  and  Re  No.  is  shown  to  be  important  in  determining  the  type  of  stall.  This 
has  been  substantiated  by  tests  on  a  high-lift  wing  on  which  the  leading-edge  thickness  was 
progressively  increased,  and  gave  an  increasing  Cj^^. 

It  has  been  shown  (2)  that  tho  performance  of  high-lift  systems  near  the  stall  oan  vary 
significantly  with  Re.  No,  up  to  a  value  of  aix  million,  and  that  it  is  dangerous  to  extrapolate  from 
tests  at  lower  values.  Much  useful  testing  of  incremental  effects  oan,  however,  be  done  at  quite  low 
Reynolds  number. 

The  use  of  a  pressurised  tunnel  mokes  it  possible  to  vary  Mach  No,  and  Re.  No.  independently,  ud 
to  reach  high  Re.  No.  at  low  Mach  No.,  but  there  is  a  limit  to  the  air  density  p  which  oan  be  used, 
depending  upon  the  strength  of  the  model  or  its  supports,  ainoe  loads  are  proportional  to  air  density. 
Testing  over  a  range  of  pressure  also  moans  that  the  required  load,  capacity  of  the  model  force-measuring 
system  must  be  greater,  and  providing  adequate  resolution  beoomes  a  problem.  Pig.  9  ahowa  the 
relationships  between  Mach  No.  and  Re.  No.  for  various  sixes  of  model,  and  the  effeot  of  pressurisatlon. 

Since  the  flight-test  stall  investigation  programme  will  begin  at  high  altitude,  it  is  of  advantage 
to  represent  this  condition  in  the  tunnel,  if  possible,  as  well  as  tho  ses-leval  oase.  Thia  will  enable 
correlation  to  be  checked  as  soon  as  possible,  and  if  necessary  the  model  wlng-seotion  distorted  so  as 
to  agree  with  flight  teat  results,  although  this  is  a  practice  which  should  only  he  employed  as  a  last 
resort. 

3.2  Model  Strength 

For  a  given  geometry,  the  stresses  acting  upon  a  model  or  full- scale  component  are  proportional  to 

q-cF, 

where  q  «  ipV2  and  Cp  is  some  force  coefficient. 

Por  example,  in  the  oase  of  wing  root  bending  moment, 

H  *  (Lift),  y  •  q.S.C^.y 

where  y  is  the  sponwise  distance  of  the  wing  centre -of-pressure  and  S  the  wing  planfonn  area; 

2 

while  %  »  k.c.t  ; 

where  k  is  a  oonatant  depending  upon  the  shape  of  the  orosa  seotion,  with  chord  c  and  maximum  thickness 
t  at  the  root. 

M  q.S.C^.y 

But  the  max.  stress,  p  ■  3  ■  . 

^  k.c.t* 

2  2 

Since  y  and  a  are  proportional  to  L  (some  characteristic  length),  and  S  and  t  to  L  , 

q  L  .CL  L 

p  *  - —  . 

k  L.L 


P  “  *CL  * 

A  similar  result  applies  to  any  seotion  subject  to  a  bending  moment,  and  also  to  components  in 
pure  tension  or  compression. 

When  q.Cp  is  small  we  may  use  low  strength  materials  suoh  as  wood,  'Tufnol',  or  dural;  but  if  qCp 
is  high,  steel  is  required.  Pig.  10  gives  the  relevant  physical  properties  of  the  most  common 
structural  materials.  Where  the  bulk  of  the  load-carrying  member  must  be  minimised,  suoh  as  for  slat 
and  flap  brackets,  or  if  Intemel  space  is  needed  for  some  other  purpose,  we  should  use  more  highly 
stressed  components,  with  a  thin  shell  of  weaker  matarlsl  to  form  the  external  shape.  Increasing  us#  is 
being  made  of  glass-fibre  relnforoed  resin,  and  other  techniques  involving  plastic  materials. 

Since  we  need  only  present  the  oorrect  external  shape  to  the  airflow,  the  internal  model  structure 
presents  less  of  a  problem  than  do  such  items  as  slat  and  flap  brackets,  which  will  be  highly  stressed 
full-scale  components  in  order  to  minimise  their  interferences.  If  such  components  are  to  be  sosled 
without  distortion,  there  will  thus  be  a  limit  to  the  q  which  oan  be  utilised.  The  situation  is  made 
r.orse  by  the  need  for  higher  safety  faotors  for  model  parts  (say  4)  than  for  full  scale  (typioally  1.5), 
but  alleviated  by  the  possibility  of  using  high  strength  material,  and  by  using  'solid'  croas-seotiens. 


Howovar,  the  attainment  of  high  tto.  No.  with  low  Mach  No.  should  be  reatraLned  if  exoeiaiv*  q  is 
required,  due  to  using  a  snail  nodal,  sinoe  this  will  lead  to  unrepresentative  'external'  supports. 

The  use  of  a  minimum  Safety  Fmotor  of  4,  or  groator  with  tinber  or  other  non-uniform  materials,  is 
influenced  by  the  following: 

(i)  The  need  to  avoid  stressing  prooedures  as  ooaplloated  or  tlme-oonsuming  as  the  methods  used  on 
full  size  aircraft. 

(ii)  The  need  to  limit  deflections  of  model  coaponents  to  nuoh  less  than  those  ooourrlng  full  else. 

(iii)  The  uncertainties  and  difficulties  of  producing  adequate  Joints  between  snail  coaponents  whioh 
need  to  be  often  removed  or  adjusted. 

(iv)  Provision  for  loadings  duo  to  handling  and  vibration. 

3.3  Model  Site 

As  well  as  influencing  So.  No.,  model  else  depends  upon  the  following: 

(a)  The  test  faolllty  and  equipment,  i.e.  the  site  of  working  section  and  the  load  oapaolty  of  the  load 
measuring  system. 

(b)  Whether  the  required  tests  are  to  be  oarrled  out  on  a  complete,  half,  or  partial  model. 

(o)  The  tunnel  oorreotlono.  It  is  important  that  the  model  is  not  made  so  large  relative  to  the  tunnel, 
in  order  to  increase  Reynolds  No.,  that  the  uncertainties  of  the  Tunnel  Corrections  lntroduoe 
exoesslve  errors. 

(d)  Manufacturing  facilities  end  teohniques .  Depending  upon  the  experience  and  oapaolty  of  the  model 
design  and  manufacturing  organisation,  models  whioh  are  very  large  will  inour  extra  expense  due  to 
being  above  their  normal  oapaolty.  On  tho  other  hand,  High-Lift  wings  usually  have  some  dimensions 
whioh  are  a  very  small  percentage  of  the  local  ohord  e.g.  slat  and  flap  gape,  but  whioh  require 
close  tolerances  to  be  set.  Small  models  will  thus  be  dlffioult  to  manufacture  with  sufficient 
aoouraoy. 

(e)  In  the  oase  of  an  aircraft  with  a  long  fuselage  (and  as  High-Lift  systems  develop,  fuselages  tend  to 
beoome  relatively  larger),  there  miy  be  a  limit  set  by  the  desired  inoidenoe  range  and  fouling  of 
the  tunnel  roof  or  wall. 

3.4  Test  Facilities  and  Kqulpneot 

For  High -Li ft  and  other  testing,  the  appropriate  facilities  and  equipment  may  be  Judged  by  their 
oapaolty  to  handle  the  required  values  of  the  parameters  shown  linked  on  Fig.  4,  but  emphasis  should 
also  be  planed  upon  the  ability  to  provide  a  'quick  look'  at  data  as  it  is  produoed,  so  that  variations 
may  be  introduced  into  the  test  programme  to  aocomaodate  the  unaxpeoted.  There  Buy  not  be  time  to  fully 
oompute  oorrooted  results,  but  it  should  be  possible  to  examine  raw  data  Immediately  after  oaoh  run. 

3.5  Type  of  Model  and  Support 

Model  types  fall  into  three  main  oatogories,  -  ooapleta,  half  and  partial. 

Complete  models  have  the  advantage  of  permitting  the  effeots  of  sideslip  to  be  investigated,  so 
that  measurements  of  lateral  stability  in  the  High-Lift  configuration  can  be  made.  There  aay  also  be 
important  changes  in  the  longitudinal  components  during  sideslip,  and  it  may  be  found  that  there  is  an 
appreoiable  I03S  in  Cl,^,  especially  with  swept  wings. 

The  mounting  of  a  'oomplete'  model  in  the  tunnel  may  be  via  a  combination  of  struts  and  wires,  or 
by  means  of  a  sting  support  with  an  internal  strain-gauge  balance,  especially  if  the  project  has 
oonvenient  Jet  pipes  (Fig.  11 ).  If  struts  are  to  he  used,  it  will  be  necessary  to  determine  the  strut- 
interferenoe  effeots,  whioh  will  vary  with  the  operation  of  the  Hi^i-Lift  components,  and  extra  runs 
will  be  required  to  determine  them.  An  alternative  mounting  system  to  support  the  model  whilst  strut- 
only  loads  are  measured,  must  be  provided  if  an  external  bslanoe  has  been  used.  (3) 

If  the  aircraft  layout  permits,  sting  mounting  has  advantages  for  'Project'  work  where  time  is 
important,  although  there  may  be  oorreotions  to  make  for  model  distortion  to  accommodate  the  sting,  and 
sting-support  induced  flow  angularities.  The  base  pressure  correction  whioh  applies  to  the  sting  cavity 
is  usually  negligible  at  the  low  fre e-stream  Mach  Nos.  employed  for  most  High-Lift  testing. 

Sting  mounting  has  the  fundamental  advantage  for  High-Lift  work  that  flow  disturbances  due  to  the 
mounting  itself  are  as  far  distant  as  possible  from  the  wing,  and  thus  have  minimum  effeot  upon  it.  In 
addition,  the  wing  is  left  clear  for  the  fitting  of  engine  nacelles,  undercarriage,  external  stores  eto., 
and  In  the  oase  of  variable-sweep  aircraft  enables  wing-sweep  to  be  varied  without  having  to  disturb  the 
mounting. 

Half  models  (Fig.  12)  do  not  permit  the  representation  of  sideslip,  but  their  advantages  are:- 

(a)  Higher  Reynolds  No.  in  a  given  tunnel. 

(b)  By  measuring  wing  root  bending  moment  the  spanwise  position  of  the  C.F.  oan  be  determined.  This  is 
very  useful  in  assessing  the  patten:  of  st^l  development. 


(o)  Power-supplies  end  wiring  eto.  own  be  easily  led  into  the  model  without  the  need  for  exposed  pipes 
or  shafts. 

(d)  No  strut  or  sting  interference  corrections. 

(e)  Cheapness,  since  only  one  flap  and  slat  eto.  is  required. 

The  other  objeotions  to  the  use  of  half-molels  concern  the  nature  of  the  flow  at  the  wing-root  and 
at  the  fuaelege  floor  Junction.  In  particular: 

(a)  The  wing  may  suffer  from  premature  root-stall,  due  to  flow  separation  along  the  floor,  flow  in  the 
gap  between  fuselage  and  floor,  or  1 oorner-vortioos'  may  occur, 

(b)  The  affeotive  Telocity  ore.-  the  fuselage  end  wing  root  may  be  reduoed  by  being  immersed  in  tho 
floor  boondery-lsyer. 

A  series  of  comparative  tests  on  a  ooaplate  and  a  half  model  with  flaps  and  slats,  using  tho  same 
wing  components  for  both,  have  boen  oariled  out  at  B.A.C.  Barton,  and  gavo  good  agreement  in  C.  and 
tailplano  power. 

Some  points  of  interest  are:- 

(1)  A  suotion-strip,  powered  by  an  external  fan,  was  provided  aoross  tho  tunnel  floor,  Just  ahead,  of 
the  model  nose.  The  Boundary-layer  at  thia  station  was  completely  removed.  Tilth  suction  off  there 
was  a  re.iuotion  in  C.  ,  and  a  ali^itly  more  stable  C  -  C,  ourve. 

L  m  Li 

(2)  The  gap  between  fuselage  and  floor  was  made  as  small  as  possible  (approx.  0.003  root  chord), 

limited  by  the  olearanoe  required  to  allow  model  defleotion  under  load  and  the  flatness  of  the 
floor.  It  was  found  thst  increasing  this  gap  reduoed  C,  Betx  in  t.  linear  manner,  over  a  small 
range,  and  the  loss  in  CLoax  iua  ua8<*  W8S  at  about  1$- 

(3)  There  was  little  sign  of  premature  wing-root  separation,  or  c-f  1  oomer  vorticea' .  An  additional 
suotion  strip  (l)  on  the  floor  near  the  wing  root,  *hioh  had  been  su^/jested,  was  fount’,  to  have  very 
little  or  no  effect  with  this  model  configuration. 

It  should  however  be  noted  that  the  model  conoerned  had  a  fairly  broad  fuselage,  raising  the  wing 
and  tollplone  away  from  the  floor  by  about  0,3  root-chord  at  the  wiiig. 

Half  models  nay  also  employ  either  a  Strain-gauge  or  an  external  mechanical  bolonoe  sod,  although 
'latoral'  components  will  not  be  plotted,  i  t  la  advisable  to  measure  all  6  components,  in  order  to  be 
able  to  plot  sponwiso  C.P.  position,  and  to  offer  alternative  axes  definitions  for  the  result  data. 

Partial  models,  that  is,  leas  than  half  a  complete  modal  (Fig.  13),  ore  used  more  rmrely,  and  are 
closely  related  to  two-diiunsional  models.  They  have  tho  advantage  of  enabling  even  higher  Re.  No.  to 
be  reaohed,  and  permit  better  i-apreaentctioc  and  optimisation  of  the  finer  details  of  auoh  things  as 
flap  fairings,  pylon  attachments,  slat,  flap  and  control  gaps.  Their  main  disadvantage  is  that  the 
spanwlae  loading  oonditione  and  local  upwash  are  incorrect,  but  they  do  permit  comparative  testing  to  be 
oarried  out  (Pig.  13).  End-plates  are  often  used,  to  avoid  the  wall  boundary-layer. 

3.6  Tunnel  Corrections 


These  derive  from  the  site  and  type  of  both  model  and  tunnel,  as  well  as  the  range  of  coefficients 
to  be  explored.  The  main  ones  relating  to  High-Lift  testing  are: - 

(1)  Strut  or  Sting  'tare'  and  interference  offeots;  'tare'  being  that  part  of  the  measured  loads  which 
oomes  from  the  supports  themselves,  tero  in  the  oase  of  a  sting  mounted  model;  and  'interference1 
being  the  change  in  the  loads  on  tho  model  due  to  the  preaenoe  of  the  supports .  The  determination 
of  these  effects  can  be  complex  and  time-consuming  and,  in  the  case  of  strut  mountings,  required  to 
bo  repeated  for  each  change  in  High-Lift  configuration. 

(2)  Blockage,  which  nay  ba  divided  into  'Solid'  and  'Wake'  blockage  components.  (3,6)  The  standard 
oorreotiona  for  these  effeots  may  be  applied.  We  may  write 

=  nT  (1  ♦  e) 

where  U_  =  equivalent  ' free-stream'  velocity 
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0T  ■  unconnected  tunnel  velocity, 

with  e  ■  e  +  e 
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where  £  =  total  blookage  correction 

=  solid  blockage 
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wake  blookage 
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The  usual  method  of  oaloulating  ^  in  i  oloaed  tunne]  is  to  use 

£  ■  -  ~  .  C 

*  4  C  DT 

whore  S  =  wing  area 

C  ■=  tunnel  orons-section  area 
Cpj,  »  measured  drag. 

So  that  E  la  simply  taken  aa  beirv^  proportional  to  the  total  drag.  The  above  arpresalon  can  bo 
easily  incorporated  Into  the  data  .reduotion  progronne . 

However,  when  there  are  large  areas  of  separated  flow,  Haskell  (5;  has  shown  that  wo  may  more 
aoourately  divide  C^,  into  ito  oompononts,  CDq  and  Cj^,  and  gives 

e.  “4  tao  +  F<cw-cDo-*!  O]  * 

p 

C-.  and  K  being  deduced  from  the  plot  of  rs  CT  aa  in  Fig.  14. 
i)‘->  1/1  L 

A  value  of  5  is  suggested  for  F,  when  1  <  A  <  10. 

Comparative  values  for  e,  for  a  particular  High-Lift  wing  with  slat  and  flap,  are  shown  in  Fig.  15, 
plotted  against  a. 

It  oar.  be  seen  that  the  differences  only  booaae  greater  than  about  1$  after  the  stall,  and  in  this 
particular  instanoe  it  was  decided  to  use  the  simpler  linear  expression  which  did  not  require  deter¬ 
mination  of  Cj)0  or  K.  This  trill  not  always  apply,  e.g.  models  with  high  sweep  and/or  small  nose  radius 
causing  a  strong  loading-edge  Vortex. 

(3)  Tunnel  constraint;  with  a  oloaed  working  section  we  may  use 

o 

Aa  »  6  C.  due  to  induoed  upwash 
C  L 

and  honoe  ^  -  -  6  §  .  CL  .  C^. 


aC-  =  -  6n.  |  cB  .  cL  . 

6t)  is  the  additional  interference  at  the  tail  as  oonpared  with  the  average  over  the  wings. (6) 

Those  expressions  ell  require  a  value  for  6,  which  is  generally  of  the  form  ehown  in  Fie.  16.  So  that, 
provided  we  maintain  Span/Tunnel  Breadth  <0.8,  say,  the  value  of  6  is  fairly  constant  and  well 
aatabiiehed,  A  further  model  else  criterion  is  to  limit  the  wing  area  so  that  Aa  is  less  than  2  at 
Ctj,, Thus  a  smaller  model  must  be  used  if  high-lift  ooeffioients  are  envisaged.  This  will  also 
limit  the  other  constraint  corrections,  and  hence  the  effeot  of  errors  in  them. 

Greater  Aa  corrections  then  2°  may  be  acceptable,  but  there  is  more  danger  of  introducing  ohordwise 
variations  into  the  incidence  constraint  oorreotlon,  so  that  the  effeotlvw  camber  is  increased.  'Open' 
working  aeotions  have  the  disadvantage  for  high-lift  work  that  the  strong  downwasb  behind  the  model  can 
deflect  the  jet  much  more  than  the  deep  stream  would  be  deflected  in  flight.  With  thie  exoessive  Jet 
deflection  the  effective  oamber  of  the  aerofoil  is  such  reduced.  Slotted  working  sections  (Boeing  - 
Vertol)  and  variable-geometry  working  sections  are  being  developed,  which  may  be  suited  to  large  high- 
lift  models  (7). 

Jet-flap  models  In  a  closed  working  section  present  an  axtra  problem,  when  considering  the  site  of 
model  whioh  may  be  tested.  This  arises  from  the  tendency  for  the  flow  along  the  tunnel  floor,  beneath 
the  Jet,  to  break  down  when  the  ratio  of  downwash  to  freestream  energy  is  too  higi  (Fig.  17).  Evidenoe 
of  this  can  be  seen  by  the  use  of  tufts  or  smoke  on  the  floor  and  walls  whioh,  as  the  tunnel  speed  is 
decreased,  first  show  agitation  of  the  floor  boundary-layer,  then  the  formation  of  a  'horseshoe*  vortex 
whl  spreads  across  the  floor  and  up  the  walls. 

South  (8)  has  produced  a  simple  oriterion  based  on  a  lift  coefficient,  C^, 


where 


CLhb 


with 


h  =  height  above  floor 
b  ■  span 


Th«  limiting  value  of  ia  shown  to  be  dependent  upon  the  (Drag/Lift)  ratio  0/1,  and  that  at  negative 

L •  CLhb  ‘  5'°- 

At  poaitivo  D/L  leas  than  0.6  and  it/b  greater  than  0,6:- 
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See  Pig.  IP 


Tlio»e  relationships  may  be  re-arranged  to  give  the  boundariea  shown  in  Pig.  19,  where  the  height 

above  the  floor,  in  chorda,  ia  plotted  againat  CT  for  varioua  valuee  of  (l/D). 

L 

3,7  Ranges  of  Attltudea  and  Coeffiolenta 

Aa  well  aa  needing  to  be  estimated  in  advance  beoauae  of  their  affeota  on  tunnel  oorrectlona,  theae 
are  alao  required  in  order  to:- 

(1)  Ensure  that  the  incidenoe  mechanism  ia  oapablo  of  reaching  the  desired  maximum.  In  some  oases, 
aapeoially  with  a  hi#i  aet  tailplane,  up  to  a  ■  1|5°  may  be  require  ui  order  to  study  longitudinal 
stability  fully.  Cross-wind  landings  wust  bs  simulated  by  yawing  the  model,  the  max.  yaw  angle 
depending  upon  the  lowest  landing-speed  and  greatest  orosa-wind  oompcnerrt  to  be  oonaidered. 

(2)  Check  that  the  load  oapacity  of  the  intended  balance  is  adequate.  This  is  not  always  a  simple 
decision,  it.  depends  upon  the  quality  of  resolution  and  repeatability  of  the  overall  measuring 
system,  or  its  safety  factors.  If  the  intended  load  range  it  smaller  than  the  balance  design 
capacity,  then  the  'scatter1,  absolute  accuracy,  and  repeatability  will  suffer.  On  the  other  hand, 
if  the  balance  is  working  near  to  its  maximum  load  limits,  the  amount  of  buffet  and  vibration  will 
be  critioal  and  may  result  in  hysteresis  or  even  fatigue  failure. 

Tliis  is  especially  the  case  with  High-Lift  systems  near  and  at  the  stall.  Rolling-Moment  ia 
particularly  difficult  to  predict  in  advance,  since  it  depends  upon  the  type  of  stall  development  (Root 
or  tip  first)  peculiar  to  the  layout  being  tested,  and  also  oan  be  greatly  influenced  by  any  amall 
asymmetries  In  the  model  (wing  twist,  leading-edge  -udius,  the  'fit'  of  slats,  eto.)  -  or  in  the  tunnel 
flow. 


3.8  Power  Supplies  to  Models 

With  any  type  of  High-Lift  model,  i.e.  Complete,  Half,  or  Partial,  the  need  nay  arise  to  supply 
power  of  some  kind,  aa  well  as  to  take  out  signal  leads  from  transducers  or  pressure-tubes  to  a  measuring 
system.  Tliis  causes  two  extra  types  of  problem  which  must  be  taken  into  account  when  deciding  upon  the 
type  and  also  of  model  to  use,  i.e. 

(a)  Extra  blockage  and  interference;  due  to  the  presence  of  pipes,  oablea  etc.,  exoept  when  a  half 
model  is  used. 

(b)  Extra  mechanical  restraints;  stiffness,  which  will  affect  the  load  calibrations  of  the  measuring 
system;  and  friction,  causing  hysteresis  in  the  readings. 

Consideration  should  be  given  to  the  probable  size  of  both  of  the  above  effects,  whloh  will  depend 
upon  the  type  of  model,  the  type  of  load  measuring  system,  and  the  form  in  whioh  power  is  transmitted. 
Alternative  power  transmission  systems  include  - 

(i)  Electrical;  for  propeller  motors  eto.  It  will  be  required  to  find  a  motor  which  is  sufficiently 
powerful,  small,  light  in  weight,  and  oapable  of  precise  remote  control.  A  balance  will  need  to 
be  struck  between  the  desired  duration  of  each  test  run  and  the  cooling  method  employed. 

(ii)  Compressed  air,  may  be  used  for  jet-engine  intake  and  axhauat  simulation  via  an  ejeotor  (Fig.  20), 
to  power  a  Jet  or  blown  flap,  or  to  power  a  turbine.  The  air  may  be  fed  into  the  model  by  aeons 
of  flexible  pipes,  or  an  air-bearing  type  oonnector  if  the  restraint  and  hysteresis  is 
significant  (9,  10). 

(iii)  Hydraulic  power,  there  are  motors  available  which  have  good  power  to  bulk  weight  ratios,  and 
needing  only  relatively  small  supply  pipes.  In  effect,  the  hydra ulio  fluid  provides  both  power 
and  oooling  flow. 

(iv)  Chemical,  such  os  piped  Hydrogen  Peroxide.  Very  high  powers  aay  be  supplied  with  only  small 
diameter  piping,  but  there  are  special  problems  of  safety  and  high  temperature. 

(v)  Mechanical,  in  certain  cases  shaft  drive  to  propellers  in  feasible  (ll). 

3.9  Ground  Simulation 

An  oxtra  consideration,  when  deciding  upon  possible  test  arrangements,  is  the  ability  to  oorry  out 
investigation  of  the  effeot  of  the  proximity  of  the  ground.  We  oan  simulate  the  flew  conditions  around 
an  airoroft  flying  level  close  to  the  ground  by  the  use  of  a  '  ground-board'  just  beneath  the  model, 
extending  just  ahead  of  and  behind  it.  The  incidence  range  will  be  restricted,  depending  upon  the 
height  above  ground  being  tested  (Fig.  21 ). 


Point*  to  note  regarding  ground-board  installations  ore:  - 

(a)  the  boundary- layer  on  top  of  the  ground -board,  baneath  the  model  should  bo  minimised,  by  keeping 
the  leading- edge  short,  and  removing  as  much  of  it  as  possible  by  means  of  an  ertraotion  ayatem,  or 
by  using  a  belt  ■  erring  at  free-stream  velocity. 

(b)  the  possibility  of  ground-board  leading-edge  separation  should  oe  reduced  by  using  a  blunt  leading- 
edge,  and  minimising  the  blockage  underneath  it,  Plow  visualisation  should  be  oarrled  out  on  the 
ground-board  at  the  start  of  testing  to  ohtek  this. 

(o)  although  the  total  maos  flow  through  the  working  seotion  will  be  known,  there  will  be  uneven 

division  of  the  flow  going  above  and  below  th;  ground-board,  depending  upon  the  relative  total- 
head  losaea,  and  varying  with  aodel  incidence  and  configuration.  An  extra  pitot-atatio  tube 
beneath  the  ground-board  may  be  used  to  determine  the  mass  flow  above  it,  and  henoe  the  effective 
tunnel  velocity.  The  usual  blockage  corrections  a an  then  be  applied  to  the  oross-seotion  above  the 
ground-board. 

(d)  tunnel  oonatraint  effect;*  are  only  applicable  for  the  other  three  walla,  and  ore  usually  so  small 
as  to  be  negligible. 

(e)  For  Jot  flap  models,  where  the  high  velocity  wake  striking  the  ground  my  result  in  separation  of 
the  boundary-layer,  Heyson  has  deduoed  a  criterion  which  eon  be  expressed  as  Cj^  max  =  3*3  (Cj^ 
based  on  span  and  height  above  ground). 

If  boats  oloser  to  the  ground  are  required,  a  moving  belt  or  distributed  suotlon  should  bo  used,  rathor 

than  a  fixed  ground-board. 

4.  SPECIAL  FEATURES  OP  THE  DESIGN  OP  HIOH-LIET  MODELS 


Hie  materials  and  method  of  construction  derive  from  the  consideration  of  acouraoy,  oost,  and  speed 
of  manufacture  (Seotion  2)  and  the  strength  requirements  (Seotion  3),  with  a  resultant  design  which  spy 
range  from  a  wooden  model  with  simple  bent  sheet  metal  fittings,  to  an  all-metal  wing  with  ooraplioated 
precision  machined  components.  The  former  will  be  cheap  and  quiok  to  build  but  of  low  aoouraqy,  whilst 
the  latter  will  be  time  consuming  and  expensive,  but  highly  accurate  and  give  more  repeatable  results. 
'Numerical  Control'  maohlning  of  the  main  components  offers  the  prospect  of  some  speeding  up  of  the 
manufacture  of  the  major  components,  but  deponds  upon  the  availability  of  precise  geometrical  definition. 
There  are  oountless  possibilities  and  oompoaito  methods  of  construction.  Pig.  22  gives  an  example. 

The  oritloel  model  components  off eo ting  time-soales  are  usually  the  supports  and  means  of 
adjustment  of  slats  and  flaps  eto.,  espeoially  where  there  Is  to  be  a  wide  range  of  settings,  and  there 
are  many  possible  designs.  Fig.  23  illustrates  some  flap-bracket  designs,  each  type  being  appropriate 
to  a  particular  type  of  test,  Uuoh  depends  upon  the  desired  tolerances,  and  these  vary  widely  over  the 
wing  and  its  high  lift  devices.  They  should  be  speolfied  in  advance  to  the  Designer  wherever  possible, 
in  order  to  avoid  needless  effort.  Target  values  for  a  'precise'  model,  expressed  as  a  fraotion  of  the 
looal  ohord,  are  given  in  Pig,  24;  but  often  the  effeots  of  variation  in  a  particular  dimension  will  not 
be  known  until  after  the  tests.  Then  it  may  be  found  that  oertaln  dimensions  are  relatively  unimportant 
until  a  oritloal  value  ie  reached,  when  there  is  a  sudden  effect,  such  as  flow  separation. 

The  methods  of  adjustment  employed  where  variable  angles  and  gaps  are  required  fall  between  two 
extremes; - 

(a)  Variable  clamps,  which  require  to  be  set  up  and  neasurod  in  the  tunnel,  can  be  very  time  consuming, 

and  subject  to  the  skill  of  the  operator. 

(b)  Precision  made  sets  of  fixed  brackets  give  very  repeatable  results,  so  long  as  the  oorreot  braoket 

is  used;  i.e.  subject  to  the  risk  of  operator  error,  especially  if  there  are  maty  variables. 

Hie  ideal  adjustment  is  one  which  can  be  oarried  out  very  quiokly  with  high  repeatability  of  teat 
results,  and  amall  chanoe  of  incorrect  setting.  When  a  complicated  set  of  alternative  ports  la  to  be 
used,  it  is  moat  deslxabla  to  oarzy  out  trial  assemblies  of  all  possible  arrangements,  by  the  tunnel 
crew,  and  to  have  clear  rigging  diagrams  available. 

Whan  teats  are  to  be  oarried  out  under  coalitions  of  low  q  (jpV2)  and  up  to  high  incidence,  the 
importance  of  minimising  model  weight  ahould  be  emphasised  If  a  sting  or  ether  internal  balance  is 
employed  which  is  sensitive  to  ayial-foroe,  even  though  the  lift-loading  on  the  wing*  i»  high  and  great 
strength  is  required.  This  is  due  to  the  fact  that  most  of  the  axial-force  range  will  oome  from  the 
airlal  component  of  model  weight  at  high  lnoidenoe,  and  the  desired  aerodynamic  load  to  be  measured  may 
be  very  small  in  oompariaon  (Pig.  25). 

5.  TECHNIQUES  AND  REQUIREMENTS  AFTER  THE  MODEL  HAS  BEEN  INSTALLED 

Following  model  installation  and  oheok-out  of  the  recording  and  measuring  systems,  a  tunnel  running 
programme  must  be  prepared.  This  need  not  neoessarily  follow  the  order  in  which  tests  nay  hare  been 
speolfied  from  purely  aarodynaaio  oonoidarations .  Hiey  should  be  re-arranged  and  also  include 
measurements  of  tunnel  oorreotions  and  'Tare'  effeots.  The  test  programme  ahould  minimise  configuration 
changes,  suit  the  availability  of  parts,  provide  frequent  repeatability  ohecks  of  some  basio  configura¬ 
tion,  and  leave  aoope  for  the  Tunnel  Engineer  to  carry  out  extra  investigations  or  flow  visualisation 
where  appropriate.  This  implies  a  quiok  turn-round  nf  data,  or  a  'quick-look'  facility. 


5.1  Possible  Measurements 

The  list  of  posaihls  measurements  will  be  ohosan  free: - 

(1)  Model  attitude . 

(2)  The  six  components  of  foroa  and  moment.  Usually  only  tha  statlo  components  of  output  signals  ara 
recorded,  but  inoraasing  attention  Is  balng  paid  to  tha  aeasureaent  of  fluctuations,  auoh  as  buffat 
and  the  rate  of  change  of  rolling  moment  at  tha  stall. 

(3)  Supplementary  foroa,  or  pressure  measuraaents  concerned  with  nodal  power  supplies. 

(it)  Surfaoe  pressures  at  seleoted  stations. 

(5)  Observations  of  flow  patterns,  both  surfaoe  and  three- lljeenaionel. 

All  axoept  Item  (5)  are  oommonly  raoordad  via  eleotronio  transducers.  The  recording  of  flow 
patterns  has  bean  greatly  aided  by  the  use  of  'Polaroid'  materials  and  equipment  which  guarantees 
suoosss  on  every  oooasien  possible,  and  reduoes  tha  time  between  observation  and  dissemination. 

5.2  Programme  Variables 

Tunnel  programmes  oonsist  of  manipulation  of  the  following  variables:- 

(1)  Inoldenoe  a  and  Sideslip  3.  A  'Run'  or  'Traverse'  is  normally  carried  out  by  varying  one  and 
holding  the  other  constant. 

(2)  Control  angles.  Including  tail  and  fin  off  oases. 

(3)  Settings  of  High-Lift  system  components  relative  to  the  wing  datum.  Rn<-i  urate  component  has 

three  variable  dimensions  if  there  is  negligible  spanwlse  movement;  1  9,  and  the  vertloal 

and  horiiontal  displacements. 

(V)  The  addition  of  'loose'  items  suoh  as  stores,  fenoes  eto. 

(5)  Power  input  to  propellers,  ejeotora  eto.  There  may  be  two  variables,  on  as  Torque  and  R.P.H., 

Air  Pressure  and  Mass  flow. 

(6)  Wing  sweep,  if  appropriate. 

(7)  Reynolds  and  Maoh  No.,  l.e.  pressure  and  velocity. 

It  can  be  seen  that  with  so  nary  measurements  and  variables  tha  data  analysis  team  may  aoon  be 
swamped,  especially  with  modern  data  acquisition  systems.  In  the  oase  of  a  'oomplete'  model,  we  could 
o&rry  out  Inoldenoe  or  sideslip  traverses  at  say 

Fiv#  sideslip  anglos  or  incidenoes. 

Six  tailplane  angles,  and  tall  off. 

Slat:-  Tlve  angles,  three  extensions,  three  gaps. 

Flap:-  Five  angles,  Pour  extensions,  three  gaps  (More  if  double  slotted). 

Wing  sweep:-  Three  angles. 

l.e.  2x5x7x5x3x3x5xLx3x3  =  567,000  possibilities'. 

We  may  also  investigate  s*y  three  velocities,  and  three  pressures  If  a  oompressed-oir  tunnel  is 
used.  Also  rudder  angles,  differential  tall,  bombs  and  stores,  ....  We  must  eliminate  most  of  tha  above 
combinations  by  a  systematic  approach. 


5.3  Programme  Planning 

A  few  recommendations  when  planning  test  programmes  are: - 

(a)  Before  ary  othar  tests,  oarry  out  flow  visualisation  on  model  supports,  reflection  planes,  eto,, 
particularly  on  new  or  unusual  arrangements ;  also  make  ary  mounting  interference  measurements 
first,  in  order  that  the  data  reduction  programme  may  be  applied  to  real  oases  as  soon  as  they  an? 
tested.  'Fabrioated'  data  should  have  already  been  tried  through  the  data  reduotion  programme,  but 
it  is  almost  inevitable  that  some  unexpected  difficulties  will  arise,  as  computing  methods  are 
continually  developing  and  ohanglng. 

(b)  Decide  the  polioy  on  fixing  transition  or  otherwise  as  soon  as  possible. 

(0)  Test  the  'olean'  wing  first,  to  examine  the  basio  features  of  the  design  and  look  for  trouble. 
Examine  flow  visualisation  of  possible  areas  of  separated  flow. 

(d)  Optimise  slat  and  flap  settings,  for  instanoe,  by  starting  at  the  most  likely  slat  position;  adjust 
the  flap  to  find  and  fix  at  the  best  arrangement  then  do  the  same  with  the  slat,  Co  book  to  the 
flap  and  oh a ok  various  positions  with  the  slat  at  Its  new  chosen  setting.  Beware  interdependence. 
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(e)  Look  for  non-linearities  In  foroe  and  moment  results  at  snail  angles  of  lcoldenoe,  sideslip,  or 
oontrol  deflection,  as  there  nay  be  real  flow  phenomena  to  be  disoorered.  Non-linearities  at 
larger  angles  lndloate  the  possibility  of  'fouls'  between  the  'live'  part  of  a  model  and  its 
support  or  support-shroud.  The  use  of  an  electrical  warning  system  is  recommended. 

5. V  ?low  Visualisation  Methods 

Wherever  possible,  flow  visualisation  should  only  be  oarried  out  as  an  aid  to  the  interpretation  of 
foroe  measure sent s.  On  its  own,  it  oan  lead  to  quite  erroneous  conclusions. 

(1 )  Smoke  in  the  quantity  normally  available  is  only  useful  at  low  speed,  and  soon  fills  a  dosed 
return  tunnel.  Smoke  generators  using  heated  oil  or  expendable  smoke  cartridges  are  available. 

(2)  Tufts  are  easy  to  observe  and  dean  to  use,  but  their  presence  oan  bring  about  a  premature  stall. 

(3)  A.  simple  method  of  deteoting  boundary -layer  transition  is  to  smear  a  dark-coloured  model  'with  a 
thin  ooating  of  a  China-clay  and  Kerosene  mixture,  and  to  run  the  tunnel  until  evaporation  of  the 
Kerosene  leaves  a  white  deposit  beneath  the  turbdent  boundary  l«yer.  There  will  also  be  some 
evaporation  at  the  extreme  leading-edge. 

(if)  Surface  oil  flow  is  bost  done  using  a  fluorescent  pigment  powder  suspended  in  a  mixture  of  oils 
haring  the  appropriate  density,  viscosity,  and  volatility  to  suit  ths  velooity,  temperature,  and 
size  of  model.  A  mixture  which  is  too  thick  will  refuse  to  move  where  the  boundary-layer  is 
sluggish;  too  thin  a  mixture  and  there  will  be  insufficient  powder  left  to  photograph  well,  even 
in  the  ultra-violet  lighting,  which  may  be  used  to  improve  oontrast  and  minimise  the  effoot  of 
variations  in  the  model  surfaoo  colour.  Transition  of  the  boundary-layer  may  also  be  observed  by 
the  different  drying  rates  which  cause  a  slij^it  oolour  change. 

With  any  flow  visualisation  teohniquo,  hysteresis  may  sometimes  be  observed  at  the  stall,  (12); 
this  oan  be  checked  by  oarrying  out  an  incidence  traverse  whioh  increases,  through  the  stall,  then 
decreases;  the  Cf/a  plot  will  show  a  closed  loop  at  the  stall  (Fig.  26).  Thus,  if  the  incidence  is  set 
before  the  tunnel  is  started  up  in  order1  to  facilitate  the  production  of  a  surfaoe  oil  flow  pattern,  the 
effeot  of  increasing  the  Re.  No.  from  zero  will  be  to  reach  the  flow  condition  corresponding  to  the 
lower  Ct  of  the  two  possible  values.  This  characteristic  should  be  borne  in  mind  when  examining  surfaoe 
oil  patterns. 
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5  Effect  of  model  weight  on  Fig.26  Result  of  model  test  showing 

axial  force  measurement  hysteresis  at  the  stall 
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:•  w is  gene rally  agreed  that  moving  ground-belt  rigs  are  now  not  currently 
r>or.::i  ior’P  1  'Hi  essential  as  they  hr;  i  been  a  few  years  ago.  Nevertheless,  for  a  fixed 
.••round-:  oar ! ,  special  care  raus*  be  taken  to  minimise  the  effect  of  the  boundary-layer 
on  •  ho  .--round-hoard .  For  example,  the  pressure  distribution  on  the  ground-board 
shoal  !  ie  monitored,  to  provide  an  indication  of  the  occurrence  rf  boundary -layer 
separation.  Furthermore ,  an  attempt  could  be  made  to  remove  some  of  the  boundary-layer. 
An  ex’. rue*  ion  slot  (Fig.  ,’t  of  Paper  1  for  boundary-layer  removal  should  not  be  placed 
-.00  far  forward,  since  the  boundary-layer  would  then  have  time  to  thicken  before 
reaching  the  tailplane;  nor  so  far  rearward  as  to  be  over-influenced  by  variation  in 
wing  lownwush.  Adjustments  to  the  slot  flov;  should  be  made  by  reference  to  measurements 
o:  a  boundary-layer  rake  or:  the  ground-board  downstream  of  the  slot. 


A .  Usefulness  of  Half-model  Techniques 

Kxperier.ee  with  the  usefulness  of  half-model  techniques  varied  among  the 
contributors  to  the  discussion.  Manufacturing  imperfections  can  apparently  play  a 
large  part  in  comparisons  of  results  from  half-models  and  -nplete-models.  For  this 
reason,  the  lecturer  had  used  the  same  half-wing  in  his  comparative  tests.  The  good 
correlation  obtained  might  well  be  clue  to  the  fact  that  the  wing  had  a  tip  stall;  if 
the  stall  had  commenced  at  the  root,  then  the  effect  of  the  wind-tunnel  boundary-layer 
on  the  half-  model  results  might  have  been  more  pronounced.  Differences  in  the 

fuselage  surface  patterns,  and  in  the  values  of  C  ,  lad  been  measured;  but  the 
r  mo 

agreement  between  the  tailplane  powers  was  reasonable.  It  was  emphasised  that 
half-models  have  their  special  advantages,  but  that  complete  reliance  on  them  is  not 
advisable . 
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SUM, -.ARY 


The  aim  of  the  present  paper  is  to  review  the  development  of  high-lift  schemes  within  the  framework 
of  current  and  possible  future  applications  to  transiort  airplanes.  The  way  in  which  the  design  trade¬ 
off  process  affects  airplane  economics  is  illustrated  in  relation  to  the  impact  of  high-lift  system 
design  on  the  final  configuration  selection.  An  assessment  of  representative  high-lift  concepts, 
including  boundary-layer  control,  is  given  in  terms  of  lovi-speed  performance  potential. 

For  long-range  transport  airplanes  operating  from  long  runways,  it  is  shown  that  well-designed 
mechanical  flap  systems  are  generally  competitive  with  more  sophisticated  concepts  involving  blowing  or 
suction  boundary-layer  control  (BLC).  However,  assessment  of  recent  progress  in  high-lift  technology 
indicates  that  significant  performance  gains  for  long-range  airplanes  may  be  possible  using  BLC 
techniques.  The  gains  for  airplanes  designed  to  operate  from  shorter  fields  appear  attractive  and 
achievable  with  today's  technology.  For  STOL  airplanes  the  use  of  BLC  to  provide  high  wing  lift 
together  with  direct  lift  from  the  engines,  or  a  more  highly  integrated  form  of  lift  augmentation  such 
as  the  jet-flap,  is  mandatory. 

The  interaction  between  high-lift  system  design  and  problems  involving  the  stability  and  control 
characteristics  of  the  airplane  are  considered.  V/hile  substantial  effects  or  trim  lift  and  drag 
penalties,  tail  sizing  and  ground  proximity  exist,  the  lateral  control  arrangement  haB  the  greatest 
influence  on  the  selection  of  flaps  and  wing  geometry.  Finally,  the  need  for  continued  aerodynamic 
development  and  design  application  effort  is  pointed  out  and  certain  areas  where  substantial  payoff  may 
exist  are  discussed. 
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1.  IMTRODUCTION 

The  success  of  the  high-speed  transport  airpleno  which  has  Been  an  intensive  development  over  the 
last  decade  or  more  has  been  due,  in  a  substantial  way,  to  the  diligence  with  which  designers  have 
applied  new  technology  and  exercised  the  complex  tradeoff  of  design  parameters  to  achieve  well-balanced 
configurations.  Fach  advance  in  technology  or  new  design  concept  haB  tended  to  change  the  relative 
importance  of  the  fundamental  parameters,  resulting  in  sometimes  subtle,  sometimes  revolutionary, 
changes  to  the  aerodynamic  configuration  of  the  airplane.  For  example,  the  introduction  of  the  concept 
of  wing  sweep  at  once  changed  the  basic  configuration  of  the  airplane  and  permitted  much  higher  speeds 
without  significant  drag  penalties.  Fortunately,  the  jet  engine  was  available  to  permit  practical 
operation  in  a  speed  regime  for  which  the  piston  engine-propeller  combination  was  basically  unsuited. 

Thus  the  swept-wing  and  jet  engine  combination  provided  the  formula  for  efficient  cruise  at  high 
subsonic  Fach  numbers,  however,  this  did  not  occur  without  the  necessity  for  some  compromises, 
particularly  in  low-cpeed  characteristics  and  field  length  requirements.  Thus  the  need  arose  for  more 
effective  high-lift  devices  which  could  offset  the  adverse  low-speed  effects  of  wing  sweep  and  the 
higher  wing  loadings  associated  with  configurations  optimized  for  cruise  performance. 

V/ith  the  background  outlined  above  in  mind,  it  will  be  the  aim  of  this  paper  to  show  the  way  in 
which  the  design  tradeoff  process  affects  the  airpilano  configuration  and  to  assess  the  impact  of  various 
high-lift  concepts  on  the  overall  performance  potential  of  the  transport  airplone. 

While  there  are  countless  variations  on  the  basic  high-lift  devices  and  llft-augjnentation  concepts 
developed  over  the  last  fifty  years,  the  present  analysis  will  be  based  on  representative  configurations 
considered  to  have  high  performance  potential  and  applicable,  in  a  practical  sense,  to  transport 
airplanes. 

2.  CRUISE  EFFICIENCY  VS  LOW -SPEED  PEjffORilAliCE 

The  primary  consideration  in  selecting  a  transport  airplane  configuration  is  the  achievement  of  high 
cruise  efficiency.  This  is  usually  accomplished  by  carrying  out  trade  studios  to  determine  the  best 
combination  of  geometric,  propulsion  and  other  parameters  to  satisfy  the  mission  requirements  with 
minimum  coot.  While  a  large  number  of  design  variables  (parameters)  axe  used  to  characterize  the 
configuration,  some  of  the  most  important  are  thrust  to  weight  ratio,  wing  loading,  aspect-ratio,  wing 
sweep  and  thickness.  One  of  the  more  effective  ways  of  presenting  the  results  of  a  typical  tradeoff 
process  is  illustrated  in  Fig.  1  showing  the  typical  variation  of  thrust  loading,  T/W,  versus  wing 
loading,  W/S,  for  constant  values  of  takeoff  gross  weight.  In  this  example,  the  mission  is  fixed  (i.e. 
payload,  range  and  cruise  Fach  number)  along  with  certain  design  parameters.  Since  the  direct  operating 
cost  (DOC)  is  generally  proportional  to  takeoff  gross  weight,  an  attractive  selection  in  this  case 
appears  to  be  a  takeoff  gross  weight  near  400,000  lb.  with  T/W  =  0.23  and  V.’/S  »  155  lb/ft^.  Similar 
charts  can  be  constructed  for  other  combinations  of  design  parameters  from  which  an  optimum  selection 
could  be  made.  However,  to  this  point,  no  consideration  has  been  given  to  field  length  characteristics 
in  the  configuration  selection.  This  can  be  presented  conveniently  by  augmenting  the  information  shown 
in  Fig.  1. 

Before  proceeding  with  this  step,  it  is  important  to  review  the  basiB  for  field  length  calculations 
to  highlight  the  fundamental  parameters  relating  to  the  performance  of  high-lift  systems  as  applied  to 
transport  airplanes.  Fig.  2  illustrates  a  typical  takeoff  profile  executed  according  to  Federal 
Aviation  Regulations  (FAR)  requirements.  Of  particular  significance  is  the  lift-off  speed  V^g,  which 
must  be  greater  than  1 ,1  timeB  the  minimum  unstick  speed  The  latter  iB  determined  in  test  as  the 

minimum  speed  at  which  the  airplane  can  fly  off  at  the  applicable  gross  weight  on  all  engines.  A 
further  requirement  sets  the  speed  V2  greater  than  1.2  times  the  stall  speed  Vg,  or  1.1  times  the 
minimum  control  speed  Vyg,  whichever  is  greater,  as  the  airplane  reaches  35  It.  above  ground.  The  stall 
speed  Vg,  is  also  determined  in  test  to  be  the  minimum  speed  achieved  in  a  prescribed  stall  maneuver  at 
the  applicable  configuration  and  gross  weight.  The  apparent  lift  coefficient  in  the  Btall,  C^g,  is 
usually  10  to  12  percent  higher  than  the  maximum  lift  coefficient  in  1g  flight.  Without  dwelling  on  the 
complexities  of  these  rules,  it  will  be  apparent  that  the  design  of  the  high-lift  system  is  crucial  in 
achieving  the  minimum  speeds  which  relate  directly  to  the  lift  coefficients  and  other  aerodynamic 
parameters  used  for  field  length  calculations.  Since  the  actual  takeoff  distance  is  given  by  the 
relationship  shown  in  Fig,  2,  the  presentation  of  takeoff  field  length  performance  on  a  plot  of  thrust 
loading  versus  wing  -Loading  (e.g.  Fig.  l)  is  straightforward. 

The  typical  landing  profile,  conducted  according  to  the  FAR,  is  illustrated  in  Fig.  3.  Here  the 
approach  speed  Vapp  is  1,3  times  the  stall  speed,  and  must  be  carried  out  at  a  weight  such  that  the 
available  climb  gradient  with  one  engine  inoperative  is  greater  than  C.027.  In  a  situation  involving  a 
go-around,  the  required  climb  gradient  on  all  engines  must  be  greater  than  0.032.  Again  the  importance 
of  high-lift  system  design  to  achieve  high  approach  lift  coefficient  and  lift  to  drag  ratio  L/D,  to 
minimize  field  length,  is  apparent  from  the  actual  landing  distance  relationship  given  in  Fig,  3. 

Although  the  landing  distance  depends  only  on  wing  loading,  presentation  of  landing  field  performance  on 
a  chart  such  as  Fig.  1  is  still  appropriate. 

Typical  results  for  a  takeoff  and  landing  performance  analysis  are  shown  in  Fig,  4  superimposed  on 
the  plot  of  Fig.  1,  Here  it  is  immediately  apparent  that  an  airplane  selected  for  optimum  cruise 
performance  will  tend  to  require  excessive  takeoff  and  landing  field  lengths.  Compromises  necessary  to 
provide  acceptable  field  performance  must  be  made  without  an  inordinate  increase  in  the  gross  weight 
required  to  accomplish  the  mission.  The  point  indicated  by  the  cirle  designatos  a  choice  which  keeps  the 
field  lengths  to  11,000  ft.  and  4,800  ft.  for  takeoff  and  landing  respectively  with  a  moderate  increase 
in  takeoff  gross  weight  to  about  415,000  lb.  This  results  in  a  selection  of  T/W  =  0.24  and  V,:/S  >>  127  lb/ft2, 
corresponding  to  an  engine  thrust  and  wing  area  somewhat  greater  than  those  required  for  optimum  cruise 
performance.  Since  the  airplane  in  this  example  is  obviously  takeoff  field  length  critical,  the  landing 


distance  selection  ir  not  significant  except  as  it  corresponds  to  a  higher  value  of  wing  area  than 
necessary  to  minimize  gross  weight.  This  nay  be  desired  for  future  growth  potential.  It  should  be 
recognized  that  the  results  of  this  type  of  study  are  influenced  substantially  by  the  levels  of 
technology  assumed  in  all  areas,  including  aerodynamics,  weights,  and  engine  performance.  In  particular, 
high-llft  technology  has  a  major  impact  since  improvements  in  CT  T  and  L/D  will  tend  to  shift  the 
takeoff  Held  lines  downward  and  the  landing  field  lines  to  the  right  permitting  a  closer  approach  to 
the  optimum  cruise  configuration, 

"ore  recently,  the  noise  characteristics  of  airplanes  have  begun  to  exert  a  significant  influence 
^.n  the  selection  of  design  parameters,  since  operating  restrictions  due  to  noise  can  have  a  serious 
effect  on  airplane  economics.  All  new  transport  airplanes  in  the  United  States  must  n cw  operate  under 
noise  re(nlations  imposed  under  1  AH  Tart  36.  The  essential  features  of  these  rules  are  illustrated  in 
Fig.  5  which  shows  typical  noise  contours  generated  by  an  airplane  near  the  airport  and  surrounding 
community,  lor  the  case  shown,  the  noise  on  takeoff  is  just  under  the  FAR  limit  of  108  EPMDb  over  a 
point  3.5  miloE  from  the  start  of  the  runway.  The  noise  along  a  sideline  0.35  K.Mi.  from  the  runway 
centerline  is  somewhat  less  than  this  limit,  while  the  noise  on  approach  at  a  point  1  N.Ui.  from  the 
runway  is  somewhat  ever  the  FAR  limit.  Thus,  it  is  probably  necessary  in  this  case  to  invoke  the  trade 
rule  which  ieiv.it s  ar.  exceedence  in  one  category  if  it  is  balanced  by  less  noise  in  others  according  to 
the  trade  rule  indicated  in  Fig.  5*  Since  engine  noise  characteristics  are  influenced  by  the  height  over 
the  measurin'  station,  which  ir.  turn  is  determined  by  engine  thrust  and  airplane  L/D,  it  iB  apparent  that 
airplano  noise  characteristics  ran  also  be  superimposed  on  the  plot  of  Fig.  1. 

This  has  beer,  done  for  the  takeoff  case  in  Fig.  6  where  lines  of  constant  noise  relative  to  the  FAR 
limit  are  shown.  The  increments  from  this  licit  are  also  tabulaied  for  sideline  and  approach  noise.  The 
design  point  selected  in  Fig.  4  is  also  slew:  here  and  a;  peers  acceptable  from  the  noise  standpoint  when 
the  sll  ht  exceedence  indicated  is  offset  by  the  favorable  sideline  noise  increment.  However,  this  would 
not  be  true  for  a  design  selection  closer  to  !he  optimum  cruise  point.  Tims,  for  example,  the  benefits 
of  n  change  in  high-lift  teclmology  which  permitted  higher  wing  loading  would  not  necessarily  be  realized 
without  further  efforts  to  reduce  noise,  while  it  is  apparent  that  the  design  of  the  high-lift  system 
influences  the  low-cpeed  characteristics  (i.e.  Cymov  and  1/D)  of  the  airplane,  thereby  affecting  engine 
tlirust  required  and  noise,  it  is  also  clear  that  other  design  trades  such  as  more  attenuated  at  the 
source,  must  bo  exercised  to  arrive  at  the  beet  overall  compromise. 

3.  C11A1--ACTSRISTICS  IF  HIGH-LIFT  SYSTEMS 

The  development  of  high-lift  schemes  has  had  a  long  history  in  which  the  fundamental  aimB  have  been 
to  provide  practical  systems  which  permit  increases  ir.  maximum  lift,  and  improvements  to  the  low- 

speed  operating  envelope  of  the  airplane j  mainly  through  improvements  to  airplane  L/D.  A  review  of  the 
many  approaches  used  in  the  past  to  app'ly  high-lift  BcheraeB  to  oirp>lano3  is  clearly  beyond  the  scopje  and 
intent  of  the  present  discussion,  particularly  since  this  has  been  well  treated  in  the  literature  (cf. 
Ref.  l).  Rather,  the  objective  will  be  to  illustrate  a  logical  approach  to  the  evaluation  of  various 
high-lift  concepts  as  applied  to  transport  airplanes.  The  analysis  will  be  based  on  relatively  recent 
theoretical  and  experimental  results  obtained  with  mechanical  devices  and  boundary-layer  control 
techniques  which  are  representative  of  the  present  state-of-the-art. 

3.1  Mechanical  5y3tem3 


The  low-3peed  polar  of  the  airpilano,  such  as  given  in  Fig.  7,  provides  the  appropriate  format  for 
illustrating  the  fundamental  aerodynamic  clmracterist.ics  of  high-lift  systems.  Typical  lift  and  drag 
characteristics  of  a  transport  wing  of  aspect-ratio  0.0,  with  35°  sweophaek,  are  shown  for  a  range  of 
trailing-edge  flap  settings  from  flaps-up  to  the  landing  configuration.  The  basic  lift  and  drag  data  are 
representative  of  a  well-developed  moclianical  system.  Improvement  in  leading-edge  device  design  can  be 
expected  to  extend  the  lift  curves  to  higher  stall  angles  and  values  of  while  improving  the 

envelope  of  the  individual  (6y  =  const.)  drag  polars,  i.e,  the  envelope  polar.  Aerodynamic  improvements 
to  trailing-edge  flaps  will  generally  reduce  airplane  attitudes  at  a  given  lift  and  increase  values  of 
^Lmax  while  reducing  stall  angles.  Although  increases  in  CLraax  will  result  in  extending  the  envelope 
polar,  further  improvements  in  the  envelope  polar  can  be  expected  at  lower  lift  coefficients  if 
significant  reductions  in  profile  drag  are  realized.  The  curve  corresponding  to  flaps-up  minimum  drag 
plus  elliptic  induced  drag  is  shown  as  an  idealized  polar  to  indicate  the  potential  which  still  remains 
for  improvement.  Research  on  the  aerodynamics  of  high-lift  devices  in  recent  years  lias  provided 
substantial  progress  toward  narrowing  the  gap  between  the  actual  envelope  polar  and  the  ideal  polar,  but 
intensive  efforts  in  the  future  will  be  necessary  to  close  this  gap  further. 

Fig.  8  shows  typical  effects  to  be  exploded  for  several  different  types  of  leading-odge  devices. 

The  favorable  effect  of  curvature  and  flap'  chord  to  wing  chord  ratio  on  the  lift  and  drag  characteristics 
of  the  wing  are  quite  apparent.  The  designer  will  generally  try  to  obtain  those  aerodynamic  benefits 
within  the  constraints  imposed  by  system  weight  and  complexity.  The  achievement  of  a  totally  satisfactory 
design  will  also  depend  to  a  large  degree  on  the  care  exercised  in  arrangement  details  such  as  spanwise 
extent  of  the  flaps,  su. ports,  actuators,  and  eliminating  or  sealing  gaps. 

The  aerodynamic  characteristics  of  several  representative  types  of  trailing-edge  flaps  are  shown  in 
Hg.  S.  For  flap  systems  having  comparable  flapi  c  ord  to  wing  chord  ratios,  with  equivalent  deflection 
anpples,  relatively  small  differences  in  aerodynamic  characteristics  are  indicated  in  the  landing 
configuration.  F'quivalent  flap  deflections  correspond  to  the  angles  required  in  each  case  to  give  the 
same  value  of  lift  at  a  =  o  in  potential  flow.  However,  the  selection  of  the  trailing-edge  arrangement 
for  a  particular  application  will  de.end  on  the  balance  !  otwoen  takeoff  and  landing  field  requirements, 
airplane  attitude  limits,  buffet,  as  well  as  general  arrangement  considerations  related  to  actuation, 
lateral  c  .r.trol,  flight  path  control  and  others.  Weight  and  complexity  tend  to  play  an  even  more 
Important  -ole  in  the  selection  and  do  si  pn  of  the  trailing-odgo  system  than  in  the  case  of  the  leading- 
edge. 


Airplane  low-speed  performance  characteristics  are  most  conveniently  understood  and  evaluated  by 
converting  the  conventional  drag  polar  to  a  plot  of  L/'D  versus  C-^.  Fig.  10  shows  the  data  of  Fig.  7  in 
tills  fom,  including  the  envelope  polar  and  the  idealized  polar  represented  as  Cj^  +  In  most 

applications  it  is  important  for  the  designer  to  consider  how  improvements  to  the  system  may  be 
accompli shed  and  to  what  extent  compromises  should  be  made  to  achieve  aerodynamic  gains.  The  researcher 
also  is  interested  in  finding  ways  to  measure  progress  and  to  determine  where  effort  is  needed  to  provide 
further  improvement.  At  any  stage  of  high-lift  system  development,  the  area  between  the  envelope  polar 
and  the  ideal  polar  tends  to  be  indicative  of  the  potential  for  performance  improvement.  But  where 
should  the  major  effort  be  concentrated?  Tfliile  the  ano’.ver  to  this  question  is  never  completely 
straightforward,  the  various  areas  indicated  in  Fig.  10  generally  represent  the  major  drag  components 
attributable  to  the  items  noted.  It  will  usually  bo  found  that  improvement  to  both  the  leading-edge  and 
tmi.'ng-edge  flap  sliapes  offers  substantial  opportunities  for  reduction  of  profile  drag.  Induced  drag 
can  be  reduced  significantly  by  eliminating  flap  cutouts  and  extending  the  flap  span.  However,  the  trim 
drag  penalty  associated  with  flap  span  extensions  on  swept  wings  tends  to  reduce  the  benefit  to  rather 

small  values.  Substantially  greater  benefits  can  be  shown  for  a  straight  wing.  Recent  tests  also  tend 

to  indicate  that  the  induced  drag  penalty  due  to  the  fuselage  is  quite  small,  ever,  at  large  flap  angles, 
if  reasonable  care  is  taken  to  provide  a  clean  wing-fuselage  juncture.  However,  some  loss  in  Gp.mnv  will 
occur.  At  the  lower  flap  angles,  significant  gains  could  be  expected  from  better  airfoil  camber  sliape 
since  the  loading-edge  and  trailing-odge  devices  do  not  provide  a  sufficiently  close  approacli  to  the 
desired  camber.  At  higher  flap  angles,  those  devices  can  more  nearly  match  the  ideal  camber  shape.  A 
substantial  part  of  tho  area  labelled  "non-ideal  camber"  represents  viscous  drag  which  cannot  be 
compl  iely  eliminated  even  witli  extraordinary  methods  such  as  suction  boundary-layer  control.  The  area 
between  the  curve  labelled  "operational  limit"  and  the  envelope  pxjlar  also  represents  improvement 
potential.  The  operational  limit  curve  constitutes  the  locus  of  points  for  which  the  operating  lift 
coefficient  Clvo«  at  a  given  flap  setting,  is  equal  to  an  appropriate  fraction  (in  this  case,  1/1.60)  of 
the  FAR  stall  lift  coefficient  Cgg.  As  discussed  previously,  this  number  may  not  be  greater  than  1/1.44 

and  is  one  of  the  restrictions  which  must  be  observed  for  takeoff.  Thus,  any  improvement  in  Cpimt,v  will 

tend  to  move  these  operating  points  to  the  right  bringing  the  operational  limit  curve  closer  to  the 
-nvelope  p>olar.  It  will  be  remembered  that  the  lower  limit  on  lift-off  speed  is  related  to  V,^,  or  the 
corresponding  lift  coefficient  Cppqj,  so  that  this  also  controls  the  takeoff  distance.  However,  an 
operating  curve  corresponding  to  this  limit  cannot  be  shown  on  the  plot  since  the  lift-drag 
characteristics  are  substantially  changed  by  ground  effects.  Because  experience  shows  tliat  an 
aerodynamic  improvement  which  increases  Cp^  tends  to  increase  Cpj.qj  proportionally,  it  is  usually  not 
necessary  to  consider  both  limits  simultaneously  in  the  evaluation  of  high-lift  systems. 

Certain  relationships  between  airplane  aerodynamic  characteristics  and  takeoff  and  landing 
performance  are  now  considered.  Fig.  11  shows  the  effects  of  takeoff  lift  coefficient  or.  takeoff 
distance,  where  the  flap  angle  is  selected  to  correspond  to  the  appropriate  ppoint  on  the  operational 
limit  curve  of  l’ig.  10.  It  will  be  noted  tliat  there  is  a  Cp,  for  v.idch  the  distance  is  minimum 
corresponding  to  the  value  of  Cp,  above  which  the  air  distance  increases  total  distance  faster  than  the 
ground  run  reduces  it.  The  dashed  curve  corresponds  to  the  weight  beyond  which  the  second  segment  climb 
gradient  is  less  than  required;  i.e.  0.030  for  one  engine  inoperative.  At  a  given  '/rocs  weight, 
improvements  in  the  L/D  envelope  and/or  the  operational  limit  will  tend  to  reduce  takeoff  distances  and 
to  shift  the  second  segment  line  to  the  right. 

In  a  similar  fashion  Fig.  12  shows  the  effect  of  C;ininr  on  the  FAli  landing  field  length  where  the 
flap  angles  can  be  selected  to  correspxjnd  to  the  values  of  Cp,maY  indicated.  However,  at  a  given  gross 
weight,  the  field  length  continues  to  decrease  as  Cqinay  increases  in  contrast  to  the  takeoff  case.  As 
the  weight  increases  for  a  given  airplane/engine  combination,  the  landing  clirabout  limit  is  reached 
(dashed  line)  beyond  which  tho  all-engine  climb  gradient  is  less  than  required.  A  field  length 
corresponding  to  a  landing  speed  of  150  kt.  is  referenced  to  indicate  an  area  above  which  operational 
problems  related  primarily  to  speed  may  be  encountered, 

Vi 'e  now  consider  the  Impact  of  the  various  improvement  possibilities  previously  discussed  on  airplane 
takeoff  and  landing  performance.  Tho  operational  limit  c.xve  of  Fig.  10  is  reproduced  in  Fig.  13 
corresponding  to  the  basic  L/D  envelope  of  the  airplane.  Also  shown  1b  an  operational  limit  curve 
corresponding  to  tho  L/D  envelope  and  CpmnY  values  associated  with  the  potential  improvement  level  for 
leading-edge  devices.  For  a  given  airplane,  the  variation  of  L/D  with  C,  required  for  constant  takeoff 
distance  can  be  shown  with  eacli  point  on  the  curve  corresponding  to  a  weight  at  which  the  second  segment 
limit  ia  reached.  Typical  values  of  field  len  th  are  given  in  Fig.  13  along  with  a  crossplot  for 
constant  values  of  second-oegment-limited  weight.  Thus,  actual  field  lengths  and  corresponding  weights 
can  be  read  at  points  where  the  airplane  operational  limit  curve  crosses  the  appropriate  field  length  and 
weight  curves.  This  approach  provides  a  convenient  method  for  determining  gains  in  takeoff  performance 
due  to  aerodynamic  improvements  such  as  those  indicated  in  Fig,  10.  For  example,  tho  circle  indicates 
the  operating  point  for  a  takeoff  distance  of  10,000  ft.  for  which  the  takeoff  gross  weight  is  3?5|C00  lb. 
However,  if  the  potential  indicated  for  leading-edge  shape  improvements  can  be  realized,  the  new  operating 
point  indicated  by  the  triangle,  permits  a  takeoff  weight  of  41 3|0'-0  lb,  from  the  same  field.  The  gain 
of  about  18,000  lb.  takeoff  weight  can  be  used  to  provide  more  range  and/or  pxiyload  capability  . 

A  procedure  similar  to  the  above  could  bo  followed  for  the  landing  case,  where  lines  of  constant 
field  lengtii  would  correspond  to  weights  limited  by  the  landing  ellmbout  requirement.  However,  transport 
airplanes  ore  not  often  limited  by  the  climbout  requirement  due  to  r- latively  low  landing  weights  and  the 
moderate  values  of  Cp^j^  needed  for  available  fields.  These  are  normally  achievable  with  mechanical 
devices.  Referring  back  to  Fig.  10,  tho  curve  corresponding  to  the  climbout  limit  at  tho  landing  weight 
is  shown  fer  a  typical  situation.  For  the  landing  flap  polar,  an  adjustment  has  been  made  in  the  drag 
level  to  account  for  landing  gear  drag.  In  this  case,  the  airplane,  in  the  landing  configuration,  has 
higher  L/D  than  necessary  and  improvements  to  the  I /D  envelope  will  not  change  the  landing  performance 
although  approach  noise  could  be  reduced.  On  the  other  hand,  improvements  to  Le  necessary  if 

shorter  landing  distances  ore  required  and  this  could  conceivably  cause  the  climb-out  limit  to  be 
critical  for  short  fields. 


A 


The  gains  in  takeoff  performance  corresponding  to  tho  elimination  of  the  various  major  drag 
contributors  can  now  be  summarized  in  a  plot  such  as  that  of  Fig.  14.  These  are  plotted  versus  the 
efficiency  factor,  e  in  the  equation,  Cj^  +  C^^/^Ae  which  describes  an  "improved"  envelope  polar  lying 
in  iho  area  between  tho  basic  envelope  polar  and  the  ideal  polar.  Such  polors  can  be  associated  with  the 
curves  of  Fig.  10  by  selecting  the  appropriate  values  of  e.  The  related  operational  limit  curves  are 
found  corresponding  to  appropriate  values  of  &;mnv  for  each  trailing-edge  flap  setting.  It  is  apparent 
from  Fig.  14  tliat  substantial  gains  in  takeoff  gross  weight  and  field  length  reductions  are  attributable 
to  the  reduction  or  elimination  of  the  various  sources  of  drag.  While  the  noise  reduction  associated 
with  improvement  in  L/D  is  significant,  the  possible  gain  here  is  not  the  major  reason  to  seek  high-lift 
system  improvements  since  other  means,  such  as  engine  noise  treatment,  are  available  to  reduce  noise. 

The  tradeoff  possibilities  are  very  complex  and  beyond  the  scope  of  this  discussion.  While  the 
potential  gains  indicated  here  are  very  attractive,  it  must  be  recognized  that  continued  effort  in 
aerodynamics  and  the  development  and  application  of  advanced  concepts  will  be  necessary  to  achieve 
progress  in  an  area  which  becomes  increasingly  difficult  to  exploit  as  the  ideal  polar  is  approached. 

3.2  Boundary-Layer  Control  Devices 

Since  the  first  experiments  with  bour.dary-layer  control  (ELC)  over  sixty  years  ago,  a  great  many 
different  applications  of  the  fundamental  concepts  have  been  tried,  alone  and  in  combination  with 
various  mechanical  devices.  Although  ideas  on  suction  developed  first,  the  use  of  blowing  at  critical 
areas  on  aerodynamic  surfaces  subject  to  flow  separation  followed  fairly  soon  thereafter.  Periods  of 
research  activity  in  both  the  United  States  and  Europe  led  to  intensive  efforts,  particularly  following 
World  War  II,  to  apply  both  suction  and  blowing  ELC  concepts  to  military  airplanes.  However,  owing  to 
practical  difficulties  and  lack  of  a  clear  demonstration  of  decisive  advantage,  no  significont 
applications  of  BLC'  to  commercial  transports  have  appeared  to  the  present  time.  Fundamentally  this  stems 
from  tho  following: - 

1)  Airport  runways  have  continually  been  extended  to  permit  the  operation  of  larger  and  heavier 
airplanes  at  higher  takeoff  and  landing  speeds. 

2)  Improvements  in  the  design  of  mechanical  high-lift  systems  have  tended  to  keep  pace  with  the  trend 
toward  higher  wing  loading  so  that  benefits  from  the  use  of  BLC  teclmiques  have  not  appeared 
sufficiently  attractive. 

However,  the  developing  trend  toward  STOL  airplanes  will  almost  certainly  make  the  use  of  some  form 
of  lift  augmentation  mandatory. 

3.2.1  Blowing  Boundary-Layer  Control 

For  purposes  of  the  present  discussion,  the  possibilities  for  the  application  of  BLC  techniques  to 
transport- type  aii planes  will  he  explored  on  the  basis  of  some  of  the  more  promising  practical  approaches. 
Fig.  15  Illustrates  several  basic  ways  in  which  the  blowing  BLC  principle  can  be  applied  to  the  leading- 
edge  and  trailing-edge  of  a  wing.  At  the  leading-edge,  the  incorporation  of  single  or  multiple  blowing 
slots  has  been  shorn  to  be  very  effective  in  increasing  normally  it  is  expected  that  increasing 

the  momentum  coefficient  Cjj  will  lead  to  higher  stall  angles  and  C]jnaj[.  However,  the  leading-edge 
develops  high  peak  pressures  at  moderate  angle-of-attack,  thus  leading  to  the  early  onset  of  local  sonic 
flow.  This  tends  to  limit  the  BLC  effectiveness  to  fairly  low  values  of  C^j  corresponding  to  the  angle- 
of-attack  at  which  strong  shock  waves  begin  to  appear,  ThiB  situation' can  be  alleviated  by  incorporating 
a  leadir.g-edge  devloo  such  as  a  Krueger  flap,  but  maximum  effectiveness  is  obtained  with  a  curved  flap. 

At  the  trailing-edge,  blowing  from  the  shroud  over  a  simple  flap  haB  been  the  subject  of  extensive 
research.  It  is  an  effective  way  to  increase  the  lift  capability  of  a  flap  system  featuring  mechanical 
simplicity  and  low  weight.  On  the  other  hand,  certain  advantages  can  be  shown  for  flap  blowing  on  an 
otherwise  conventional  single-slotted  flap.  The  ejector  nozzle  arrangement  achieves  the  same  effect  as 
shroud  blowing,  with  substantially  lesB  power,  due  to  ejector  augmentation,  lief.  2  discusses  the 
application  of  this  concept  to  the  Boeing  707  prototype  and  the  corresponding  wind-tunnel  and  flight 
results.  Obviously  this  principle  has  potential  in  any  application  where  high  pressure  air  is  available. 

Fig.  16  shows  representative  two-dimensional  data  for  leading-edge  ELC  configurations.  Blowing  on  a 
plain  leading-edge  is  highly  effective  at  low  although  effectiveness  levels  off  beyond  C„  =  0.03  due 
to  the  onset  of  sonic  flow  at  the  leading-edge.  The  added  effectiveness  of  two  or  more  slots  tends  to  be 
marginal.  The  Krueger  flap  maintains  ELC  effectiveness  to  somewhat  higher  values  of  C^,  although  it  also 
shows  a  tendency  to  level  off  as  the  peal:  pressures  at  the  flap-wing  Intersection  become  too  high.  The 
curved  flap,  in  addition  to  having  somewhat  higher  effectiveness  at  low  C^,  maintains  BLC  effectiveness 
up  to  substantially  higher  values  of  than  shown  in  the  plot. 

Fig.  17  shows  lifting  characteristics  for  several  training-edge  ELC  configurations.  Blowing  over  a 
trailing-edge  flap  deflected  to  high  angles,  reduces  the  tendency  for  the  flap  to  separate  as  Cji  is 
increased.  For  example,  with  shroud  blowing,  the  lift  coefficient  at  a  -  0  increases  with  C„  until  the 
point  is  reached  at  wliich  the  flow  is  completely  attached.  Beyond  Cn  a  0.03,  the  lov/er  rate  of  lift  gain 
is  associated  with  the  jet-flap  regime  of  operation.  The  single-slotted  flap  becomes  fully  attached  at  a 
substantially  lower  C^  since  it  has  less  separation  initially.  Beyond  C„  «  0.015,  BLC  effectiveness  is 
characteristic  of  the  jet-flap  regime.  The  ejector  nozzle  in  this  case  appears  about  equivalent  to 
shroud  blowing  except  that  it  produces  significantly  higher  values  of  Cj^g^.  Full-scale  results  (2)  show 
somewhat  greater  advantage  for  the  ejector  nozzle  concept. 

The  evaluation  of  various  high-lift  concepts  using  blowing  BLC  can  be  carried  out  in  a  manner  Yjhich 
is  analogous  to  that  used  for  mechanical  systems,  provided  the  weight  penalties  of  the  BLC  system  are 
properly  accounted  for.  The  performance  potential  for  a  representative  system  incorporating  leading-edge 
blowing  combined  with  a  double-slotted  trailing-edge  flap  is  first  examined  in  comparison  with  the 
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mechanical  flap  system  previously  used.  The  latter  polors  are  reproduced  in  Fig,  16  along  with  the 
corresponding  operational  limit  line.  In  performing  this  assessment,  it  must  he  recognized  that  the 
problem  is  really  one  of  optimization  to  select  the  appropriate  level  of  and  flap  angle  for  each 
field  length.  For  present  purposes  it  will  be  assumed  tliat  the  BLC  air  is  supplied  by  auxiliary  pciver 
units  (APU)  installed  in  the  airplane.  The  mechanical  flap  airplane  will  be  compared  with  a  BLC 
configuration  for  wliich  the  weight  of  the  APU  and  the  BLC  system  (i.e.  ducting  valves,  etc)  is  compensated 
by  a  corresponding  reduction  in  the  weight,  and  therefore  tlirust,  of  the  main  propulsion  system.  The 
drag  polar  data  from  the  wind-tunnel  includes  the  residual  thrust  from  PIC  nozzles  and  careful  analysis 
shows  tliat  a  large  fraction  of  the  theoretical  nozzle  tlirust  is  usually  recovered,  appearing  as  excess 
momentum  in  tho  wing  wake  over  a  large  range  of  C^,  including  static  conditions.  Thus  it  is  appropriate 
to  credit  the  APU  with  the  full  BLC  nozzle  tlirust.  The  equivalent  dreg  of  the  airplane  is  then 
represented  by  Cj)e  =  Cpqj  +  where  Cjjj  is  based  on  the  measured  balance  force  in  tho  wind  direction. 

To  carry  out  the  optimization  process,  the  polar  set  for  the  complete  range  of  flap  angles  is 
plotted  for  several  values  of  CL  and  the  corresponding  operational  limit  lines  determined.  Furthermore , 
the  mapping  for  constant  field  longth  and  seoond-segment-limited  weight  is  plotted  to  correspond  to  the 
new  level  of  total  thrust  for  each  C^.  liven  though  full  credit  is  taker,  for  the  APU  thrust,  the  total 
thrust  for  the  BLC  airplane  is  less  tlion  tliat  of  the  mechanical  flap  airplane  by  an  increment  given  by 
the  relation,  A T/W  °  -1.2  C^/C^,  corresponding  to  the  installed  weights  and  cycle  characteristics  of  the 
BLC  system,  the  APU  and  engines.  Fig.  18  shows  the  results  of  the  evaluation  process,  where  the  dashed 
polar  corresponds  to  the  level  and  flap  angle  associated  with  the  10,000  ft.  takeoff  distance.  The 

adjusted  field  length  lines  correspond  to  the  reduced  total  tlirust  available  at  each  field  length  with 
tick  marks  indicating  the  noted  values  of  takeoff  weight.  The  composite  operational  limit  line  is  also 
6hown  ns  the  locus  of  points  corresponding  to  the  optimum  and  flap  angle  for  each  field  longth 
considered,  where  the  optimum  is  determined  by  the  maximum  gain  in  takeoff  gross  weight  at  a  given  field 
length.  Again,  choosing  an  example  for  10,000  ft.  takeoff  distance,  it  is  seen  that  the  BLC  system  will 
permit  a  takeoff  weight  of  403,000  lb.  corresponding  to  the  point  indicated  by  the  square  in  Fig.  1G. 

Since  the  basic  flap  system  allows  only  395>000  lb.  on  takeoff,  a  gain  of  6,0C0  lb.  takeoff  weight  can  be 
credited  to  the  leading-edre  B1C  system.  At  a  weight  of  4.0,000  lb.  the  corresponding  reduction  in 
takeoff  field  length  would  be  about  600  ft.  V/liile  these  gains  may  not  be  sufficiently  attractive  to 
introduce  the  additional  complication  of  BLC,  into  the  high-lift  system  design,  the  sensitivity  of  the 
performance  gains  to  the  available  technology  and  the  developing  stats-of-the-ext  requires  continued 
reappraisal  of  blowing  BLC  applications.  For  airplanes  designed  to  operate  from  smaller  fields,  the 
performance  gains  would  begin  to  appear  quite  attractive. 

Where  the  emphasis  ia  on  takeoff  performance,  the  results  of  studies  based  on  wind-tunnel  tests  tend 
to  show  that  BLC  applied  to  the  trailing-edge  has  marginal  potential.  This  is  strongly  implied  by  the 
two-dimensional  data  shown  in  Fig.  17  which  indicates  that  a  well-designed  double-Blotted  flap  produces  a 
lift  coefficient  at  zero  angle-of-attack,  Cqa_  q  qtiite  close  to  the  potential  flow  value.  The  application 
of  BLC  to  such  a  flap  would  be  expected  to  yield  a  lift  variation  with  C^  typical  of  the  jet-flap  regime, 
resulting  in  low  BLC  effectiveness.  Similarly  the  variation  of  Ci mnY  with  C^  should  reflect  the  fact  that 
little  nixing  of  the  jet  with  the  wing  upper  surface  boundary-layer  can  take  place  at  low  values  of  C^. 
Complete  airplane  model  tests  in  the  wind-tunnel  confirm  these  expectations,  so  that  there  appears  to  be 
no  advantage  to  trailing-edge  BLC  for  takeoff. 

For  applications  where  landing  performance  is  more  important,  particularly  for  STOL  operation,  the 
use  of  trailing-edge  BLC  may  be  attractive;  e.g.  in  cases  where  airplane  attitude  iB  restricted  or  the 
overall  scheme  depends  on  maintaining  flap  effectiveness  to  very  high  angles.  In  most  transport 
applications,  however,  it  is  difficult  to  overcome  the  advantages  of  lesding-edge  BLC  with  curved  flaps 
combined  with  large,  effective  trailing-edge  mechanical  flaps. 

3.2.2  Suction  Boundary-Layer  Control 

V.'e  now  turn  to  a  discussion  of  the  possibilities  for  suction  BLC  applications.  While  considerable 
research  has  been  devoted  to  suction  BLC  concepts  in  the  past  and  some  flight  work  accomplished,  these 
efforts  have  been  quite  meager  in  comparison  to  the  extensive  work  with  blowing  BLC.  Most,  of  the  suction 
BLC  concepts  have  been  based  on  the  principle  of  continuous  removal  of  a  portion  of  the  boundary-layer 
through  porous  surfaces,  such  as  illustrated  in  Fig.  19,  More  recently  there  has  been  interest  in  the 
use  of  multiple  suction  slots  at  either  the  leading-edge  or  on  trailing-edge  flaps  to  keep  the  boundary- 
layer  attached.  Combined  suction  and  blowing  BLC  is  a  fairly  old  concept  which  has  seemed  attractive 
where  a  high  pressure  source  of  air  is  available.  Fig,  19  shows  one  variation  of  this  idea  where  suction 
of  the  main  flap  surface  ia  accomplished  by  ejector  action.  The  mixed  stream  is  then  ejected  tangentially 
over  the  second  segment.  It  is  apparent  that  this  principle  can  be  applied  in  a  variety  of  ways  at  either 
the  leading-edge  or  trailing-edge. 

Fig.  20  shows  some  typical  two-dimensional  results  obtained  with  leading-edge  suction  in  combination 
with  a  13$  chord  curved  flap.  The  dashed  curves  are  estimations  based  on  known  levels  of  Cq,,^  at  Cq  =  0. 
The  effectiveness  of  the  suction  BLC  measured  in  terras  of  power  required  to  achieve  a  given  increment  in 
cLmax  oan  ^e  three  or  four  times  tliat  of  blowing  BLC.  However,  there  is  no  easy  way  to  generalize  t'.iis 
relationship  since  the  system  details  are  very  important  in  such  a  comparison.  Also,  the  suction  BLC 
system  is  inherently  limited  Gince  a  cutoff  in  effectiveness  occurs  at  the  Cq  corresponding  to  complete 
removal  of  the  boundary  layer  at  the  last  downstream  slot. 

The  results  of  tests  on  a  single-clotted  trailing-edge  flap  with  multiple  suction  slots  are  shown 
in  Fig.  21.  The  effects  of  several  combinations  of  slots  on  C^a  =  q  are  found  for  un  arrangement  where 
all  slots  are  vented  to  tho  same  plenum.  The  slot  widths  were  selected  to  provide  the  desired  inflow 
distribution.  It  is  apparent  that  the  first  two  slots  are  most  effective  in  producing  attachment  although 
the  results  at  higher  Cq  are  better  with  more  slots.  The  dashed  lino  indicates  the  envelope  of  the  curves 
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shown  and  represents  the  maximum  suction  effectiveness  obtained  for  this  type  of  flap.  The  curve  of 
Cimnv  versus  Cq  demonstrates  that  trailing-edge  suction  is  about  60j£  as  effective  as  suction  applied  at 
the  leading-edge  over  the  range  of  Cq  shown  here. 

The  application  of  suction  BLC  to  liigh-lift  system  design  is  generally  considered  to  be  more 
difficult  than  for  blowing  BLC,  because  of  the  need  to  provide  a  highly-integrated  well-balanced  air 
distribution  and  power  system.  Since  there  is  relatively  little  experience  with  this  type  of  BLC  in 
practical  installations,  it  is  probably  too  early  to  assess  the  ultimate  potential  of  suction  BLC  for 
high-lift  applications,  nevertheless,  it  is  possible  to  carry  out  studies  based  on  existing  data  and  to 
evaluate  suction  BLC  on  the  sane  basis  used  for  the  other  high- lift  schemes. 

Typical  results  for  a  system  using  suction  BLC  in  combination  with  a  curved  leading-edge  flap  and  a 
double-3lotted  trailing-odge  flap  are  illustrated  in  Fig.  22,  where  the  lift-drag  characteristics  of  the 
basic  mechanical  flap  system  are  shown  for  comparison  purposes.  As  in  the  blowing  case,  the  correct 
approach  is  to  assess  the  performance  of  the  system  at  several  BLC  levels  corresponding,  in  this  case, 
to  appropriate  values  of  Cq.  Again  the  mechanical  flap  airplane  is  compared  with  the  BLC  configuration 
for  which  the  weight  of  the  AFU  and  the  BLC  system  is  compensated  by  a  corresponding  reduction  in  the 
weight,  and  therefore  thrust,  of  the  main  propulsion  system.  In  this  assessment,  the  power  for  suction 
is  assumed  to  be  supplied  by  an  AFU  which  exhausts  the  suction  flow  at  the  freestream  velocity  for  the 
cllmbout  condition  on  takeoff.  Therefore,  only  the  primary  thrust  plus  an  amount  corresponding  to  the 
suction  flow  at  an  appropriate  lower  speed  is  credited  to  the  APO  for  takeoff.  The  drag  polars  are  based 
on  the  results  of  limited  wind-tunnel  tests,  with  adjustments  to  measured  drag  to  account  for  the  inflow 
momentum  of  the  suction  flow,  but  no  correction  for  suction  power  required.  The  optimization  and 
evaluation  process  is  carried  out  in  the  some  fashion  as  for  the  blowing  BLC  case.  Again  the  total 
thrust  of  the  suction  BLC  airplane  is  less  than  that  of  the  mechanical  flap  airplane  by  an  increment 
given  by  the  relation,  AT/T7  a  -6.5  Cq/Cj_,  which  corresponds  to  the  installed  weights  and  cycle 
characteristics  of  the  BLC  system,  the  AFU  and  engines.  Fig.  22  shows  the  results  of  the  evaluation 
process  where  the  dashed  polar  corresponds  to  the  Cq  level  and  flai  angle  associated  with  the  10,000  ft. 
takeoff  distance.  The  adjusted  field  length  lines  correspond  to  the  reduced  total  tlirust  available  at 
each  field  length  with  the  noted  values  of  takeoff  weight  indicated  by  tick  marks  along  these  lines. 

The  composite  operational  limit  line  is  the  locus  of  points  corresponding  to  the  optimum  Cq  and  flap 
angle  for  each  field  length,  where  the  optimum  1b  determined  by  the  maximum  gain  in  takeoff  gross  weight 
at  a  given  field  length.  The  difference  between  the  composite  operational  limit  line  and  the  mechanical 
flan  operational  limit  line  is  indicative  of  the  potential  for  gain  in  takeoff  weight  which  becomes 
larger  as  the  field  length  decreases.  At  a  takeoff  distance  of  10,000  ft.,  the  takeoff  weight  for  the 
suction  BLC  airplane  Is  found  to  be  410,000  lb.  corresponding  to  the  point  indicated  by  the  square  in 
Fig.  22.  Since  the  mechanical  system  permits  a  takeoff  weight  of  395,000  lb.,  the  gain  due  to  suction 
BLC  for  tills  comparison  is  15,000  lb.  The  reduction  in  takeoff  field  length  at  a  weight  of  400,000  lb. 
is  about  1100  ft. 

The  performance  gains  quoted  are  quite  attractive  and  indicate  substantially  better  potential  for 
suction  BLC  than  for  blowing  BLC.  However,  it  should  be  remembered  that  the  relationship  can  change 
depending  on  advances  in  the  technology  and  experience  in  actual  application  of  BLC  concepts.  For 
airplanes  designed  for  shorter  field  operation,  suction  BLC  appears  to  be  less  attractive  than  blowing 
because  of  the  inherent  limitations  discussed  earlier. 

The  potential  for  the  application  of  suction  BLC  to  traillng-edge  devices  appears  to  be  limited  for 
reasons  similar  to  those  which  apply  for  blowing  BLC.  However,  there  is  evidence  that  trailing-edge 
suction  is  not  subject  to  the  same  limitation  at  high  Cq  as  in  the  leading-edge  case.  This  is  related  to 
the  fact  that  trailing-odge  suction,  properly  applied,  can  work  on  the  boundary- layer  generated  on  the 
wing  ahead  of  the  suction  location.  This  may  be  Important  for  application  to  short  field  designs. 

4.  F0VERJ1D  LIFT 


For  some  time,  there  has  been  a  developing  interest  in  the  possibilities  for  the  application  of  high- 
lift  concepts  coupled  with  the  direct  use  of  engine  thrust  to  achieve  really  short  takeoff  and  landing 
(STOL)  performance  for  commercial  airplanes.  A  number  of  different  concepts  combining  both  high  wing 
lift  and  deflected  engine  thrust  in  various  ways  have  been  studied  in  the  past  (e.g.  Fief.  3)  to  evaluate 
overall  suitability  of  such  schemes  for  commercial  application.  These  include:- 

1)  The  high-lift  wing  using  BLC  at  either  the  leading-edge  or  trailing-edge  combined  with  cruise  engine 
thrust  deflection. 

2)  The  jet-flap  concept  (4)  which  uses  a  major  portion  of  the  engine  flow  distributed  along  the 
trailing-edge  and  exhausting  over  the  flap.  The  more  recent  augmentor-wing  concept  (5)  is  an 
extension  of  the  jet-flap  idea  incorporating  the  ejector  principle. 

3)  The  externally-blown  flap  (6)  in  which  the  cruise  engine  exhaust  flow  is  directed  at  the  undersurface 
of  the  trailing-odge  flap. 

4)  The  direct-lift  concept  which  incorporates  separate  lifting  engines  (either  turbofan  or  turbojet) 
with  a  high-lift  wing.  The  deflection  of  the  cruise  engine  thrust  may  be  optional  depending  on  the 
wing  lift  level  achieved. 

However,  no  STOL  configuration  has  yet  emerged  which  clearly  demonstrates  all  the  essential  features 
necessary  for  successful  operation  in  a  viable  transportation  system  using  such  aircraft.  Clearly,  tills 
will  depend  to  a  large  degree  on  the  penalties  (e.g.  operational,  weight,  cost,  etc.)  which  must  be 
accepted  to  achieve  STOL  capability,  and  meet  stringent  noise  requirements  at  close-in  fields. 
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Some  of  the  fundamental  problems  and  important  performance  and  design  parameters  related  to  STOL 
aircraft  can  be  examined  conveniently  by  considering  a  somewhat  idealized  configuration  which  includes 
the  essential  elements  of  most  STOL  concepts.  The  aim  will  be  to  explore  some  of  the  basic  requirements 
and  limitations  of  STOL  aircraft. 

Fig.  23  shows  the  thrust  requirements  in  level  flight  for  an  airplane  incorporating  cruise  engines 
which  can  be  vectored  to  any  desired  angle.  It  is  also  assumed  that  the  envelope  drag  polar  of  such  an 
airplane  is  parabolic  with  Cp0  »  0.065,  A  =  8.5,  and  e  =  0.85.  Each  of  the  solid  lines  corresponds  to  a 
given  thrust  deflection  angle  for  the  total  installed  thrust.  The  minimum  thruBt  requirement  corresponds 
to  the  envelope  of  the  constant  deflection  curves  which  indicates  a  steady  increase  in  T  '/W  to  a  value  of 
1.0  as  the  speed  decreases  to  zero.  It  is  significant  that  thrust  deflection  of  20  degrees  is  very 
nearly  optimum  over  a  large  range  of  speed  down  to  at  least  50  knots. 

The  landing  performance  of  a  STOL  airplane  with  deflected  thrust  can  be  examined  more  conveniently 
by  plotting  T/W  versus  speed  for  constant  values  of  Cp.  This  has  been  done  in  Fig.  24  vjhich  also  includes 
a  landing  distance  scale  along  the  abscissa.  The  landing  distance  calculations  are  based  on  a  6°  approach 
path  over  a  60  ft.  obstacle  and  an  average  braking  coefficient  p  of  0.4.  The  performance  envelopes  are 
shown  for  Y  »  -3°,  0°,  and  +3°,  to  indioate  the  sensitivity  of  thrust  requirements  to  the  flight  path. 
Although  the  constant  Cp  lines  are  given  only  for  level  flight,  for  small  values  of  Y  they  essentially 
expand  (or  shrink)  vertically  relative  to  the  point  T/W  =  1.0.  It  is  apparent  that  for  landing  distances 
approaching  1500  ft.,  very  high  values  of  Cp  are  required  in  order  to  minimize  thrust  requirements.  On 
the  other  hand,  if  Cp  is  limited,  for  example  to  a  value  of  4.0,  the  thrust  required  is  nearly  twice  the 
minimum  and  the  required  thrust  deflection  (cf.  Fig.  23)  is  about  80°.  However,  even  this  level  of  lift 
would  require  substantial  BLC  levels  to  provide  the  required  operating  margin.  For  field  lengths  below 
1500  ft.,  the  minimum  thrust  requirements  rapidly  increase  and  the  thrust  increments  required  because  of 
aerodynamic  lift  limitations  become  even  larger. 

An  alternative  scheme  for  a  STOL  configuration  could  involve  the  use  of  the  jet-flap  concept,  which 
has  been  the  subject  of  considerable  research  in  the  past.  The  curve  represented  by  the  large  dots  shows 
the  performance  envelope  (Y  =  0°)  corresponding  to  wind  tunnel  data  from  HASA  research  (7)  in  this  area. 

A  close  approach  to  the  ideal  performance  envelope  indicates  the  potential  of  the  jet-flap  concept  for 
STOL  provided  practical  schemes  can  be  developed  for  application. 

An  analysis  of  the  takeoff  situation  for  STOL  operation  can  be  carried  out  on  a  basis  similar  to 
that  illustrated  above  in  the  landing  case.  However,  the  problem  is  slightly  more  complex  since  the 
takeoff  distance  is  not  a  simple  function  of  takeoff  speed.  Using  the  previous  format,  the  results  of 
this  type  of  analysis  are  presented  in  Fig.  25  for  a  four-engine  airplane.  The  required  T/W  ie  shown 
for  different  wing  lift  levels  and  also  for  several  values  of  takeoff  distance  corresponding  to  an  engine 
failure  at  the  critical  speed.  The  performance  envelope  for  each  value  of  takeoff  distance  corresponds 
to  the  minimum  installed  T/W  required  at  any  speed.  Ac  expected,  there  is  also  an  optimum  takeoff  Bpeed 
and  lift  coefficient  for  each  field  length  case.  The  analysis  also  shows  that  the  relationships  between 
required  thrust  deflection  and  lift  coefficient  are  very  similar  to  those  found  for  the  landing  situation, 
indicating  little  need  for  thrust  deflection  when  operating  on  the  envelope  below  a  lift  coefficient  of 
4.0,  Thus,  in  either  the  takeoff  or  landing  situation,  several  fundamental  conclusions  become  evident:- 

1)  It  is  important  to  achieve  the  proper  wing  lift  levels  in  order  to  minimize  the  installed  T/W  for 

STOL  airplanes. 

2)  When  optimum  lift  levels  can  be  obtained,  thrust  deflection  is  relatively  unimportant. 

3)  When  the  wing  lift  ie  limited,  increased  thrust  levels  along  with  thrust  deflection  must  be  used  to 

provide  STOL  performance  capability. 

5.  STABILITY  AND  C0UTR0L  CCIISIDERATIOKS 

It  is  not  unusual  in  the  initial  development  of  high-lift  systems  to  find  that  problems  related  to 
stability  and  control  are  considered  to  be  of  secondary  importance.  Certainly  there  arc  few  instances 
whore  such  considerations  will  compromise  the  selection  of  effective  high-lift  schemes,  nevertheless, 
factors  directly  related  to  high-lift  system  design  often  have  a  critical  influence  on  the  selection  of 
those  aspects  of  the  airplane  geometry  and  systems  which  determine  its  stability  and  control 
characteristics.  These  can  be  very  critical  for  STOL  airplanes  where  low  speeds  and  engjne-out 
conditions  introduce  severe  control  effectiveness  requirements. 

Fig,  26  illustrates  in  a  fairly  general  way,  the  important  effects  of  trim  requirements  on  lift. 

These  are  given  in  terms  of  the  ACp  required  to  trim  the  airplane  in  the  approach  condition  as  a  function 
of  trimmed  Cpmax .  Increasing  values  of  Cp^^  generally  correspond  to  increosed  flap  angles  requiring 
substantial  increments  in  down  tail-load  to  oalance  the  v/ing  pitching  moments.  Troiling-edge  BI.C  appears 
somewhat  more  difficult  to  trim  than  mechanical  flaps.  On  the  other  hand,  leadir.g-cdge  BI  C  requires 
relatively  little  incremental  tail-load  since  the  lift  is  derived  basically  from  increased  wing  angle-of- 
attack.  The  lines  labelled  "L.E.  BLC"  in  Fig,  26  start  from  points  on  the  general  trend  lino  for 
mechanical  trailing-edge  flaps  corresponding  to  different  flap  angles. 

An  earlier  discussion  of  trim  requirements  pointed  out  some  of  the  adverse  effects  on  airplane  I /D. 
Fig.  27  shows  general  trends  in  L/D  for  different  kinds  of  high-lift  devices.  Tendencies  exist  for  Die 
adverse  effects  of  trim  to  level  out  and  decrease  somewhat  at  higher  values  of  corresponding  to 

large-chord  trailing-edge  flaps  deflected  to  high  angles.  Tliis  trend  can  be  demonstrated  by  theoretical 
analysis  and  is  attributable  to  the  polar  shape  at  high  values  of  Cp.  Increments  in  L/D  due  to  leading- 
edge  BLC  appear  slightly  favorable  because  of  the  significant  favorable  effect  of  blovdng  on  trailing- 
edge  flap  effectiveness  and  the  relatively  email  pitching  moments  duo  to  anrle-of-attack  increments. 


7)i.'  arnmgeuent  cf  the  lateral  control  system  almost  inevitably  interacts  strongly  with  the  high- 
i:t  system  layout.  One  aiTangoment  which  has  been  used  extensively,  includes  an  inboard  aileron  to 
provide  a  spoiler  backup  and  lateral  trim  surface  which  will  not  reverse  at  high  speed.  The  induced 
Img  ; •■ml tics  associated  with  such  a  device  are  indicated  in  Fig.  28  and  have  been  discussed  previously 
i i  r.-Intioi  to  possible  perforin  nee  gains.  The  incorporation  of  the  outboard  aileron  which  is  used  only 
for  lov.-sj.ced  operation  is  coia.atihle  with  the  use  of  }  art -spun  flaps.  For  modcrute  to  large  wing  sweep, 
lit  1 1 o  or  no  penalty  in  drag  results  since  any  reduction  in  induced  drag  attributable  to  the  use  of  full- 
s.-an  flaps  is  largely  cancelled  by  a  trim  drag  increment. 

'.Vhiie  many  factors  must  be  considered  in  selecting  the  size  of  the  horizontal  tail,  the  impact  of 
the  high-lift  system  design  is  evident  in  Fig.  2b.  The  line  corresjionding  to  the  aft  C.G.  stability 
li::it  sets  one  requirement  for  tail  size.  A  further  requirement  to  trim  at  the  forward  C.G.  limit  of  the 
airplane  depends  substantially  on  approach  speed  or  lift  coefficient.  Since  airplane  loading  requirements 
result  ii  a  specified  C.G.  range,  a  lower  design  approach  speed  has  the  effect  of  increasing  the  required 
tail  volume.  Reductions  in  tail  size  can  be  achieved  by  increasing  tbe  operating  tail  lift  coefficient, 
but  this  again  must  be  obtained  by  more  sophistication  in  the  airfoil  sections  used  on  the  tail  or  by 
incoi').>orating  high-lift  devices. 

The  effect  of  ground  proximity  on  the  aerodynamic  characteristics  of  the  airplane  becomes 
increasingly  imi'ortant  as  lift  levels  increase.  This  phenomenon  continues  to  be  the  subject  of 
considerable  research,  particularly  in  relation  to  the  development  of  practicol  STCL  and  VTOL 
configuration:  .  However,  the  results  are  complex  and  highly  configuration  dependent  rendering  them 
beyond  the  scope  of  the  present  discussion.  The  effects  of  ground  proximity  on  conventional  transjort 
aiiq  lanes,  while  significant,  are  generally  not  critical.  Fig.  30  illustrates  the  range  of  aerodyrrmiic 
characteristics  to  be  expected  between  free-air  conditions  and  a  height  corresponding  to  touchdown.  Of 
particular  importance  is  that  a  significant  margin  between  Cp^pp  and  at  h/c  =  0.8  exists  for  the 

landing  case.  Adequate  margins  are  frequently  lacking  for  operation  in  the  STOL  regime  particularly  for 
configurations  using  large  amounts  of  deflected  thrust.  Also  sufficient  elevator  or  stabilizer 
deflection  must  be  available  to  compensate  for  the  reduction  in  dounwash  at  the  tail  as  the  ground  is 
approached.  For  the  takeoff  case,  ground  effect  can  have  an  important  influence  on  the  Vim  that  the 
airjiane  can  demonstrate.  An  unfavorable  impact  on  takeoff  performance  during  abuse  tests  can  also  be 
exacted,  particularly  if  the  geometry  of  the  airplane  permits  rotation  to  angles  which  result  in  high 
drag. 


6.  RLQ.UIUKD  RESEARCH  Ail  DEVELOP!, CENT 

It  lias  been  jointed  out  that  the  technology  of  high-lift  is  still  a  developing  one  and  that 
substantial  lo\7-speed  performance  gains  may  be  achieved  with  continued  emphasis  on  research  and 
development.  Although  it  is  difficult  to  foresee  all  the  areas  of  research  which  will  provide 
substantial  payoff,  the  following  are  considered  to  be  of  major  importance: - 

1)  Mechanical  devices  have  been  extensively  developed  and  refined  in  the  past.  Nevertheless, 
substantial  opportunity  for  performance  improvement  still  exists  if  ways  can  be  found  to  increase 
section  L/D  and  C]_ma:x .  This  will  most  likely  follow  from  the  application  of  advanced  aerodynamic 
analysis  methods  which  are  cabbie  of  predicting  the  flow  about  complex  wing  and  flap  geometries. 
Further  progress  may  also  be  expected  from  the  imaginative  application  of  sound  aerodynamic 
principles  to  the  development  of  new  concepts  with  subsequent  evaluation  and  improvement  in  the 
wind-tunnel, 

2)  Boundary-layer  control  schemes  have  been  the  subject  of  intensive  research  for  many  years  and  their 
potential  in  transjiort  applications  is  only  now  beginning  to  appear  attractive.  Even  though  blowing 
BLC  has  to  this  point  received  major  emphasis,  there  may  still  be  possibilities  for  further 
improvement  in  terms  of  the  power  required  to  achieve  a  given  lift  level.  Suction  BLC,  on  the  other 
hand,  has  received  relatively  little  attention.  From  a  fundamental  standjoint,  it  appears  to  offer 
more  potential  than  blowing  in  transport  applications.  However,  much  more  effort  in  aerodynamic 
research  and  design  application  is  needed  to  realize  the  inherent  advantages  of  this  technique, 

3)  Reynolds  number  effects  have  always  introduced  unknowns  into  the  process  of  predicting  full-scale 
airplane  performance  on  the  basis  of  model  tests.  In  certain  instances  they  have  been  cited  as  the 
cause  of  serioua  unantici pated  performance  deficiencies.  While  it  is  difficult  to  make  a  hard  case 
in  most  instances,  substantial  evidence  exists  pointing  to  relatively  large  variations  of  aerodynamic 
characteristics  (e.g.  L/D,  Cjjnjm,  Cjj)  over  tbe  range  of  Reynolds  number  between  wind-tunnel  and 
flight  conditions.  As  long  as  these  variations  are  fairly  predictable  or.  the  basis  of  theory,  wind- 
tur.nel  test,  or  previous  flight  experience,  the  inherent  technical  risks  may  be  acceptable. 

However,  as  new  high-lift  concepts  and  techniques  evolve,  it  becomes  increasingly  imjortant  to  test 
at  Reynolds  numbers  approaching  full-scale.  If  this  is  not  done,  uncertainty  regarding  the  risks 
involved  introduces  a  substantial  '.ag  between  concept  development  and  application.  Increasing 
recognition  of  the  need  for  data  at  high  Reynolds  numbers  had  led  to  some  development  and  adaptation 
of  existing  facilities  as  well  us  the  construction  of  several  new  tunnels  in  the  United  States  and 
elsewhere.  A  need  still  exists  for  research  facilities  which  can  provide  Reynolds  numbers 
approaching  those  of  today's  large  aircraft. 

4)  Theoretical  methods  for  analysis  and  design  of  aerodynamic  configurations  have  seen  extensive 
development  and  use  during  the  last  ten  years  or  more.  This  has  been  possible  because  of  the 
general  availability  of  high-speed  digital  computing  equipment.  Such  methods  usually  apply  to  the 
potential  flow  about  two-  or  three-dimensional  shapes  and  are  extremely  useful  in  predicting  flow 
characteristics  under  a  wide  variety  of  conditions.  Also,  methods  of  analyzing  the  boundary-layer 
tiave  beer,  developed,  particularly  for  jredicting  two-dimensional  flow  characteristics.  While  some 
j regress  may  still  be  achieved  using  present  approaches,  more  effective  theoretical  techniques  are 
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essentxal  to  pernit  the  aerodynamic  analysis  of  complex  shapes.  To  achieve  realistic  results,  new 
methods  must  treat  the  interactions  between  the  potential  flow  and  the  boundary-layer  essentially 
on  a  unified  basis  in  which  the  three-dimensional  aspects  of  the  boundary-layer  flow  are  accounted 
for. 

7.  CORCLOSIOKS 


A  review  of  contemporary  applications  of  high-lift  schemes  to  transient  airplane  design  has  shown 
that  the  development  of  mechanical  devices  has  tended  to  keep  pace  with  the  need  for  better  high-lift 
systems.  However,  parametric  design  studies  involving  the  match  between  airplane  cruise-efficiency  and 
low-speed  performance  generally  indicate  that  more  effective  high-lift  systems  could  lead  to  lower  direct 
operating  cost  through  lower  design  gross  weight.  Examination  of  the  possibilities  for  aerodynamic 
improvement  shows  that  substantial  low-speed  performance  gains  may  still  be  achieved  if  research  and 
design  efforts  are  appropriately  directed. 

An  assessment  of  various  high-lift  concepts  including  suction  and  blowing  BLC  has  been  given  in 
terms  of  their  respective  low-speed  performance  potentials.  It  is  shown  that  the  best  of  today's 
mechanical  systems  are  quite  well-adapted  to  meet  the  requirements  of  long-range  transports  operating 
from  long  runways.  The  use  of  BLC  techniques,  particularly  suction,  may  provide  significant  performarse 
gains  if  proper  application  of  current  technology  can  be  made.  However,  a  continuing  reappraisal  of  the 
potential  of  competing  schemes  is  necessary,  as  high-lift  technology  continues  to  develop  and  improvements 
in  one  area  change  the  basis  for  comjarison  with  others. 

On  the  other  hand,  it  can  be  concluded  that  the  application  of  BLC  techniques  in  high-lift  system 
design  becomes  quite  attractive  when  the  airplane  must  operate  from  shorter  fields.  For  very  short  field 
lengths  characteristic  of  STOL  operation,  the  use  of  BLC  appears  mandatory'  along  with  some  form  of  direct 
lift.  Alternate  schemes  Involving  lift  augmentation  such  as  the  jet-flap,  or  external  blowing  on  the 
trailing-edge  flap  may  also  be  attractive. 

A  discussion  of  stability  and  control  problems  related  to  high-lift  system  development  has  touched 
on  the  more  important  interfaces.  From  the  design  standpoint,  the  selection  of  tail  size  and  the 
arrangement  of  the  lateral  control  system  interact  most  directly  with  the  high-lift  system.  Ground 
effect  is  not  usually  a  substantial  factor  in  the  configuration  development  of  the  high-lift  system  as 
long  as  the  operating  lift  coefficient  is  not  too  high.  Hovcever,  at  lift  coefficients  necessary  for 
STOL  operation,  large  adverse  effects  may  result,  particularly  if  some  form  of  direct-lift  iB  involved. 
These  effects  are  highly  configuration  dependent,  making  it  difficult  to  carry  out  general  studies  wldoh 
can  be  used  in  a  specific  application. 
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SUMMARY  OF  DISCUSSION 


relating  to 

TRANSPORT  APPLICATIONS  FOR  HIGH-LIFT  SCHEMES 


1  .  Take-ofl'  and  Landing  Design-point  Distances  (Fig.  4  of  Paper) 

The  take-off  distance  of  1  1  fOOO  ft.  was  chosen  here  an  being  representative 
for  a  contemporary  long-range  jet  transport.  Since  the  aircraft  in  this  particular 
example  is  obviously  take-off  field  length  critical,  the  prescribed  landing  ilistai.ee 
of  4,800  ft.  is  not  significant  here  except  that  it  corresponds  to  a  some  what  higher 
value  of  wing  area  than  would  be  necessary  to  minimise  gross  weight,  while  meeting 
the  take-off  distance  requirement.  This  would  be  desirable  to  provide  growth 
potential. 


2 ,  Difference  between  the  Slat  and  L.E.  Flap  Configurations  in  Pig,  8  of  Paper 

Since  the  slat  is  a  device  which  is  deployed  from  the  upper  surface  of  the 
wing,  its  shape  cannot  easily  conform  to  the  ideal  contour  necessary  to  achieve  the 
highest  .  Experience  shows  that  a  L.E.  flap  which  is  deployed  from  the  lower 

surface  cafia&e  made  flexible  and  incorporate  a  rotating  nose-piece.  These  features 
taken  together  provide  the  ideal  surface  contour  needed.  The  values  of  C,  shown 
in  Fig.  8  for  these  two  devices  are  representative  of  the  landing  configuration 
for  a  wing  with  35  degrees  sweep. 


3.  Accentuation  of  High-speed  Buffet  Problems  by  High  Wing  Loading 

Some  contributors  argued  that,  since  high-speed  buffet  problems  tend  to  be 
accentuated  by  high  wing  loading,  it  would  appear  difficult  to  justify  a  design  point 
selection  close  to  the  optimum  indicated  in  Fig.  1  of  the  paper.  It  was  asked  also 
whether  this  off sets  the  importance  of  high-lift  system  improvements.  The  lecturer 
agreed  that  buffet  considerations  were  indeed  important  and  could  limit  the  wing 
loading  of  a  particular  aircraft  design.  However,  he  considered  that  there  is  still 
considerable  pay-off  for  improved  high-lift  systems  in  the  example  given,  without 
going  all  the  way  to  the  cruise  optimum.  Also,  this  situation  served  to  indicate  the 
importance  of  further  wing  design  effort  to  improve  high-speed  buffet  margins. 


4 .  Limits  Corresponding  to  Lift  Curves  for  Improved  Mechanical  Flaps  in 
Fig.  7  of  Paper 

The  improvement  levels  shown  for  leading-edge  flaps  correspond  to  recent 
experience  at  Boeing's  in  the  analytical  design  of  a  series  of  devices  based  on 
keeping  the  peak  pressures  to  a  minimum.  The  trailing-edge  levels  are  for  full-spar, 
riouble-slotte  ;  flaps  developed  from  similar  considerations  and  adjusted  to  the  final 
configuration  on  the  basis  of  wind-tunnel  tests.  The  value  of  C.  ( oi  -  0°)  for  the 
landing  configuration  is  about  85  per  cent  of  the  potential  flow^value. 


5 .  Basis  of  T.E.  Flap  System  Selection  in  Fig.  9  of  Paper 

Since  the  aerodynamics  of  the  flap  systems  shown  in  Fig.  9  were  said  to  be 
nearly  equivalent,  it  was  asked  how  other  considerations  such  as  weight,  complexity, 
etc.  entei  into  the  final  selection  of  the  system.  The  lecturer  commented  that 
experience  with  the  above  types  of  flaps  indicates  that  chord  extension  can  be  largest 
for  the  triple-slotted  arrangement,  thus  providing  a  significant  lift  advantage. 
Obviously,  the  complexity  of  toe  system  as  well  as  its  suitability  for  take-off 
(and  even  cruise)  depends  on  the  ingenuity  of  the  designer,  so  that  it  is  difficult 
to  generalise  on  the  lelative  merits  of  the  various  types.  However,  in  situations 
where  landing  performance  (i.e.  distance,  speed,  attitude)  is  critical,  the  triple- 
slotted  flap  is  considered  usually  to  have  the  overall  advantage,  in  spite  of  small 
weight  penalties  and  perhaps  others. 
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SUMMARY 


This  paper  presents  a  general  review  of  the  more  impor'  mt  problems  associated  with  the 
design  of  high-lift  systems  for  combat  aircraft.  These  problems  are  often  very  complex  and 
their  satisfactory  solution  always  implies  a  compromise  between  the  high  and  low-speed 
characteristics.  It  must  also  be  stressed  that  performance  and  flying  qualities  cannot  be 
considered  separately  as  any  modification  of  one  will  have  an  effect  on  the  other. 

Low-level  high-speed  Hying  requires  small  wing  thickness  to  chord  ratio  (about  5  to  7" ). 
high  sweep  angle  (35"  to  45°).  small  aspect-ratio  (4  to  4)  and  high  wing  loadings  (about  400 
to  500  kg  per  sq.  meter).  With  such  a  wing,  it  is  particularly  difficult  to  provide  good  take-off 
and  landing  performance  for  short  field  operation  while  maintaining  good  Hying  qualities  at 
low  speeds. 

Very  effective  high-lilt  devices  are  needed  to  achieve  the  low  stalling  speeds  required  for 
short  take-off  and  landing  distances  and  their  design  must  be  such  as  to  provide  a  satisfactory 
level  of  control  in  the  low-speed  (light  range. 

The  following  review  is  intended  to  clarify  the  problems  encountered  in  achieving  these 
aims  and  to  indicate  ways  of  solving  them. 


ANALYSIS  OF  COMBAT  AIRCRAFT  APPLICATIONS 
FOR  LIFT-AUGMENTATION  DEVICES 


R.Taisseire 


1  DEFINITION  OF  THE  MAXIMUM  PERMISSIBLE  (', 

It  is  generally  accepted  that,  with  the  kind  of  aircraft  we  are  considering,  the  speed,  when  clearing  a  fifty  foot 
obstacle,  must  he  at  least  equal  to  1.2VS .  both  for  take-off  and  for  landing. 

P  , 

Vs  is  the  stalling  speed,  delined  by:  W  =  -  .V^.S.C  ,  max  . 

For  a  given  configuration,  the  maxinuim  usable  C,  max  is  defined  as  being  that  value  of  Cf  beyond  which 
the  control  of  the  aircraft  is  no  longer  possible.  This  control  loss  can  occur  as  a  deterioration  in  either  longitudinal 
Hying  qualities  (pilch-up),  or  in  lateral  flying  qualities  (loss  in  roll  control,  uncontrollable  motions  in  roll  or  yaw). 

One  thus  has  to  look  first  at  the  flap  configuration  which  can  produce,  at  a  given  angle  of  attack,  the  highest  possible 
value  of  C|  Then,  one  must  adapt  this  basic  shape  to  the  aircraft  configuration  in  order  to  maintain,  at  these  high 
angles  of  attack,  acceptable  longitudinal  and  lateral  flying  qualities. 

2.  CHOICE  OF  A  HIGH-LIFT  DEVICE  CONFIGURATION  GIVING.  AT  SOME 

ANGLE  OF  ATTACK,  THE  HIGHEST  POSSIBLE  INCREASE  IN  C, 

2.1  Choice  of  the  Trailing-Edge  Flap 

First  it  must  be  stated  that  blown  Haps  will  not  he  considered  here.  It  would  certainly  be  feasible  to  consider 
the  use  of  blowing  for  certain  cases,  in  particular  on  carrier-based  aircraft  where  the  deck  landing  problem  necessitates 
very  high  maximum  C,  's.  But  we  think  that  the  loss  in  thrust  involved  is  only  acceptable  when  very  high  T/W 
is  available,  and  that  it  is  possible  to  obtain  very  high  C,  max  even  with  highly  swept  wings  without  the  compli¬ 
cations  of  blowing.  This  means  that  considering  the  overall  balance  between  thrust,  weight  and  maximum  permissible 
C|  .  classical  high-lilt  devices  compare  favourably  with  devices  involving  Boundary-Layer  Control. 

Now  we  consider  the  type  of  flap  which  is  most  suitable  for  fighters.  Our  choice  is  the  slotted  llap  with  vane 
(see  Figure  I).  In  two-dimensional  conditions  it  is  able  to  give  substantially  higher  Ct 's  than  the  single  flap  (up  to 
a  50'.;  increase)  and  it  does  this  without  any  great  mechanical  complications 

The  use  of  a  triple-slotted  flap  would  theoretically  result  in  a  two-dimensional  supplementary  C(  of  the  order 
of  0.4  to  0.5  (l-ig.2),  which  reduces  to  about  0.2  when  taking  the  sweep  and  aspect-ratio  into  account  (Fig  2).  But 
in  the  overall  balance,  this  gain  would  be  reduced  on  wings  of  such  small  dimensions,  because  of  very  definite 
problems: 

external  fairings,  resulting  in  high  drag  at  high  speeds; 

cut-outs  at  the  level  of  the  rails  and  jacks,  cancelling  part  of  the  gain  in  C,  ; 

big  increase  in  weight; 

maintenance  problems  due  to  the  complexity  of  the  device. 

Even  . .  transport  aircra*’.  where  there  is  much  more  room  for  jacks,  rails  and  rollers,  the  problem  of  the  use 
of  such  flaps  has  not  been  easily  solved.  Thus  for  fighter  aircraft,  the  solution  of  the  problem  can  be  considered 
impossible. 

Our  choice  of  the  type  of  llap  thus  being  justified,  we  now  consider  the  determination  of  its  relative  chord, 
of  the  slot's  shape  and  height,  of  the  leading-edge  radius,  and  of  the  flap's  optimum  rearwards  position.  This  can 
be  done  in  various  ways  (see  Figure  I).  Some  of  the  lecturers  have  spoken  to  your  about  such  an  optimization  by 
theoretical  methods.  From  a  practical  point  of  view.  1  think  that  (lie  final  and  definitive  choice  has  to  be  made  in 
the  wind-tunnel,  using  models  on  which  these  parameters  are  varied.  A  rectangular  wing  model  allows  an  approximate 
choice  to  be  made,  and  the  final  adjustments  are  made  on  a  model  representing  the  aircraft. 
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Experience  shows  dial  the  optmnim  characteristics  ol  the  flaps  on  s.ich  planes,  are.  on  the  average,  as  follows. 

relative  ehoril  of  the  order  of  30  to  35'7; 
maximum  defleetions  of  40  to  45  degrees; 
backwards  position  front  b  to  l>' of  the  total  ehord. 

One  can  obtain  similar  results  with  main  and  secondary  slots  of  various  heights,  but  these  slots  must  have  a 
sufficiently  converging  shape  to  be  really  efleetive.  Any  divergence  of  the  slot  is  unacceptable  (see  Figure  3). 

A  model  built  in  order  to  determine  the  final  configuration  must  have  variable  flap  and  vane  positions,  with 
both  longitudinal  and  vertical  movement;  it  would  also  be  worthwhile  to  test  various  types  of  vane,  considering  as 
a  basic  parameter  the  leading-edge  radius. 

2.2  Choice  of  the  Wing  Leading-Edge  Modification 

In  parallel  with  the  definition  of  the  trailir.g-edge  flap,  one  also  has  to  define  a  type  of  leading-edge  slat.  If 
one  has  a  vers  effective  trailing-edge  flap,  the  C,  ,nax  will  be  determined  not  by  stall  of  the  flap  itself,  but  by 
stall  of  the  wing  in  front  of  the  flap  (see  Figure  4). 

Correct  modification  of  the  leading-edge  can  delay  the  beginning  of  this  phenomenon.  This  can  be  achieved 
in  various  ways.  One  can  camber  the  leading-edge,  which  is  the  less  effective  solution,  or  fit  it  with  a  movable  slat, 
of  which  the  most  effective  kind  is  the  slotted  one. 

In  two-dimensional  cases,  such  a  slat  can  result  in  a  (.',  max  increase  of  the  order  of  0.3  to  0.4.  Also,  if  well 
designed,  it  can  give  a  C,  max  increase  of  0.15  to  0  20  on  the  swept  wing  (see  Figure  5).  However,  a  slotted  slat 
is  more  complex  than  other  types  of  leading-edge  device:  jacks,  rails  and  rollers  are  necessary.  But,  taking  into 
account  the  resulting  increase  in  maximum  lift,  and  the  slat's  favourable  effect  on  the  longitudinal  and  lateral  Hying 
qualities,  the  complication  seems  to  be  fully  justified. 

2.3  Maximum  C,  in  Two-Dimensional  Flow 

Finally,  the  system  of  flaps  and  slats  we  have  defined  can  give,  in  the  two-dimensional  case,  a  value  of  the 
maximum  (',  of  the  order  of  3  to  3.5. 

3.  FITTING  THE  HIGH-LIFT  DEVICE  ON  THE  AIRCRAFT  TO  OBTAIN 
THE  MAXIMUM  PERMISSIBLE  C, 

The  type  of  flaps  and  slats  now  having  been  defined,  one  has  to  incorporate  them  efficiently  on  a  wing  whose 
general  characteristics.  Haps  up,  have  been  determined  by  performance  and  Hying  quality  considerations  at  high  speed 

Let  us  recall  once  more  the  average  wing's  characteristics: 
low  relative  thickness  (5'7  to  7'7 1, 
low  aspect-ratio  (3  to  4); 
high  sweep  I  35°  to  45°). 

Before  optimising  a  given  type  of  high-lift  device  on  such  a  wing,  one  first  has  to  analyse  its  stalling  mechanism, 

Haps  fully  down:  this  will  give  an  understanding  of  the  adverse  changes  which  occur  at  high  angles  of  attack,  both 
in  longitudinal  motion  as  well  as  in  lateral  and  transverse  mo* ion.  This  analysis  will  allow  us  to  look  at  the  appro¬ 
priate  procedures  for  avoiding  these  changes  and  to  obtain  the  best  possible  efficiency  from  the  high-lift  system. 

3.1  Mechanism  of  the  Stall  of  a  Highly-Swept  Wing  Developing  High  Lift 

The  stalling  mechanism  of  such  a  wing,  with  (or  without)  high-lilt  devices  working,  is  roughly  as  follows. 

Starting  from  a  given  angle  of  attack,  leading-edge  stall  begins  at  the  wingtips.  With  increasing  angle  of  attack, 
this  stall  extends  towards  the  wing  root,  and  the  lift  becomes  increasingly  concentrated  on  the  inner  part  of  the 
wing  (see  Figure  til  This  produces  a  variety  of  effects  as  follows. 

In  the  stalled  part,  the  lift  is  decreasing,  giving  (due  to  the  sweep)  some  pitch-up  tendency.  The  smaller  the 
aspect-ratio,  the  more  iimited  this  tendency,  due  to  the  fact  that  the  aerodynamic  centre  moves  rearwards  in  the 
stalled  /one  (see  Figure  7).  On  the  other  hand,  due  to  the  lift  concentration  in  the  central  zone,  the  rate  of  mange 
of  downv.  ash  de/da  behind  this  part  of  the  wing  is  increasing  with  angle  of  attack.  We  will  see  later  what  conclu¬ 
sions  concerning  the  tailplane  position  are  to  be  deduced  from  this  fact.  Lastly,  the  stall  at  the  wing-tip  produces 
asymmetrical  phenomena  (wing  drop)  and  also  some  loss  of  control  ellectiveness  in  roll  due  to  the  lip  location  ol 
ailerons  or  spoilers.  Further,  these  troubles  are  accompanied  by  buffeting,  the  severity  of  which  increases  with  the 
amplitude  of  the  observed  phenomena. 
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All  of  these  factors  which  one  can  establish  in  wind-tunnel  tests  on  models  without  tailplancs  car.  contribute 
to  limiting  the  maximum  usable  C',  .  One  has  therefore  to  reduce  their  effect  helore  considering  the  eonlignralion 
of  the  complete  aircraft  (i.e.  the  aircraft  with  taiiplane  on). 

3.2  Solutions  for  Limiting  the  Effect  of  Wing-Tip  Leading-Edge  Stall 
on  the  Maximum  Permissible  CL 

The  most  obvious  way  to  limit  the  wing  pitch-up  and  the  asymmetric  phenomena  involved  in  stalling  is  to  modify 
the  wing-tip  leading-edge  in  order  to  prevent  the  wing-tip  stall. 

With  the  exception  of  the  deflection  of  the  slat  itself,  several  complementary  means  can  be  used: 
some  leading-edge  extension  on  part  of  the  span  ("Crusader"  type  leading-edge): 
leading-edge  camber; 

wing  wash-out  (but  not  too  much,  because  of  the  corresponding  increase  in  the  wing's  angle  of  attack  at  a 
given  C,  ). 

Figure  8  shows  all  of  these  modifications.  The  spanwise  extent  of  the  leading-edge  slat  and  of  the  local  modifica¬ 
tions  we  have  enumerated  will  obviously  depend  on  the  particular  case  being  considered,  and  one  cannot  state  general 
rules. 


From  the  very  beginning  of  the  design  it  must  be  ensured  that  various  combinations  of  slat  span  and  chord, 
camber  and  degrees  of  wash-out  can  he  obtained  on  the  wind-tunnel  model.  In  the  same  way.  flap  and  slat  deflections 
and  slots  must  be  capable  of  being  modified  if  necessary. 

An  additional  method  of  limiting  the  effects  of  leading-edge  stall  of  the  wing-flp  is  by  differential  deflection  of 
the  trailing-edge  flaps  deflecting  them  less  over  the  outer  part  of  the  wing.  This  method  will  be  increasingly 
efficient  with  increasing  extension  of  the  flaps  over  the  wing  span,  and  is  therefore  most  useful  when  lull-span  flaps 
are  used.  It  is  advisable  right  from  the  beginning  to  split  the  flaps  at  some  spanwise  locations,  and  also  to 
incorporate  some  possible  adjustment  of  slots  and.  of  fore-and-aft  position  on  the  wind-tunnel  model. 

Finally,  it  is  also  possible  to  improve  stalling  conditions  by  using  some  complementary  means  such  as  leading-edge 
notches,  or  better,  fences  whose  ehordwise  extent  will  be  systematically  varied,  as  will  be  their  height  and  spanwise 
location  (see  Figure  11 ).  Roughly  speaking,  the  effect  of  such  a  device  is  to  divide  the  flow  into  two  parts  of  limited 
aspect-ratio,  and  so  to  reduce  the  intensity  of  the  lateral  flow  and  of  the  leading-edge  separation. 

The  measurements  made  while  varying  these  parameters  must,  in  all  cases,  be  guided  by  flow  visualization,  which 
is  a  very  direct  and  quick  means  for  choosing  the  configurations  to  be  considered. 

Summing  up,  tests  without  a  horizontal  taiiplane  generally  permit  the  choice  of  a  configuration  of  slats  and 
flaps  which  is  as  good  as  is  possible.  Hut  such  tests  are  obviously  insufficient  for  the  estimation  of  the  maximum 
permissible  C(  of  the  complete  aircraft.  This  value  also  depends  on  the  shape  and  position  of  the  horizontal 
taiiplane. 

3.3  Influence  of  the  Height  of  the  Horizontal  Taiiplane  on  the 

Maximum  Permissible  C',  of  the  Aircraft 

Even  taking  as  much  care  as  is  possible,  one  can  only  dc 'ay  the  angle  of  attack  at  which  the  leading-edge  tin 
separation  finally  occurs.  On  the  model  without  a  taiiplane,  it  is  in  fact  acceptable  that  at  a  very  high  angle  of 
attack,  a  certain  tendency  for  pitch-up  exists.  Its  effect  is  to  limit  the  nose-down  C,„  to  be  trimmed  near  the 
('[  max  .  and  thus  to  decrease  the  loss  of  CL  due  to  the  trimming  in  the  vicinity  of  the  stall  (see  Figure  10). 

But  obviously,  this  pitch-up  has  to  be  cancelled  and  transformed  into  a  pitch-down  on  the  complete  aircraft. 

This  can  be  achieved  by  accurately  positioning  the  horizontal  taiiplane. 

When  the  angle  of  attack  is  increasing,  it  has  been  seen  that  the  lift  is  concentrated  towards  the  plane  of 
symmetry  ant1  that,  due  to  this  fact,  dc/dcv  is  increasing  behind  this  part  of  the  wing.  If  the  taiiplane  is  located 
within  the  vortex  centre  zone,  where  de/do  is  the  most  intense,  it  will  result  in  some  destabilization,  which  will 
become  increasingly  stronger  as  the  angle  of  attack  is  increased.  In  this  case,  the  effect  of  the  taiiplane  will  be  to 
increase  the  pitch-up. 

Let  us  recall  that  (he  increase  in  stability  due  to  the  taiiplane  can  be  written: 


This  stabilization  is  thus  higher  as  d c/da  is  smaller. 
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Now,  on  one  hand,  the  tailplane  will  tend  to  enter  the  vortex  zone  when  the  angle  ot'  attaek  is  increasing,  if  it 
is  in  a  high  position  with  respect  to  the  wing.  On  the  other  hand,  it  will  have  a  tendency  to  go  away  from  the 
vortex,  if  it  is  in  a  low  position.  Note  that  when  the  tailplane  turns  through  an  angle  a,  the  vortex  line  turns 
only  through  e  (see  Figure  II). 

Thus,  one  can  say  that  the  high  position  increases  the  pitch-up  tendency,  while  the  low  position  decreases  it 
and  can  he  expected  to  give  some  pitch-down.  This  is  confirmed  by  many  experimental  results,  and  Figure  12 
illustrates  this  influence  of  the  relative  position  in  height  of  the  tailplane  and  the  wing. 

The  practical  conclusion  is  finally  that,  for  a  given  wing-fuselage  configuration,  the  maximum  permissible 
t'(  max  will  he  greater  with  a  low  tail  than  with  a  high  one,  because  in  the  latter  case  it  will  be  limited  by  pitch-up. 

3.4  Buffeting  Problems 

Buffeting  problems  are  connected  partly  with  the  stall  of  the  wing  and  partly  with  that  of  the  tailplane. 

It  is  obviously  difficult  to  determine  the  intensity  of  in-flight  buffeting  from  the  usual  test  results  giving 
overall  force  and  moment  measurements.  The  buffet  due  to  the  wing  can  be  related  to  the  beginning  of  wing- 
fuselage  pitch-up  (see  Figure  13).  Further,  concerning  the  part  due  to  the  tailplane,  it  is  possible  to  try  and 
determine  by  flow  visualization  the  angle  of  attack  at  which  the  lower  surface  of  the  tailplane  is  stalled,  and  so 
approximately  define  the  part  of  the  polar  curve  where  the  buffet  will  start  in  flight  (see  Figure  14). 

One  can  also  determine  the  buffeting  in  the  wind  tunnel  through  a  harmonic  analysis.  However,  one  has 
to  wait  for  flight  results  to  define,  not  the  onset  of  the  phenomenon,  but  its  exact  intensity.  Naturally,  it  will  be 
less  intense  if  the  flow  on  the  wing  has  been  improved  by  the  procedures  already  described  and  if  the  tailplane  is 
in  the  most  favourable  position  with  respect  to  separation  over  the  lower  surface  of  the  tail  which  means  that  the 
tailplane  is  in  a  low  position. 

3.5  Lateral  Control  Problems  of  High-Lift  Aircraft  at  High  Angles  of  Attack 

The  main  stability  and  lateral  control  problems  occurring  at  high  angles  of  attack  for  a  high-lift  aircraft,  which 
put  a  limiting  value  on  the  maximum  permissible  CL  .are  the  following: 

asymmetries  in  roll  near  the  stall: 

loss  in  effectiveness  of  the  control  system  in  roll: 

loss  in  efficiency  of  the  vertical  fin; 

adverse  yaw. 

These  various  problems  will  now  be  successively  examined. 

3.5. 1  Asymmetries  in  Roll  near  the  Stall 

These  asymmetries  are  obviously  due  to  the  fact  that  stall  is  occurring  at  the  tip  of  the  wing,  and  that  the  iosses 
in  lift  on  the  two  sides  are  not  absolutely  syr  netrieal. 

This  results  in  the  appearance  of  unacceptable  rolling  moments,  which  can  be  relatively  high  due  to  the  size  of 
the  moment  arm,  which  is  practically  equal  to  the  semi-span.  The  remedy  obviously  consists  in  delaying  these 
phenomena  and  in  minimising  their  magnitude  The  solutions  we  have  talked  about  to  improve  the  flow  on  the  wing 
are  thus  also  effective  in  solving  this  problem:  namely,  leading-edge  camber,  wing  wash-out,  well  designed  slats, 
differential  flap  deflection,  wing  fences,  etc. 

It  is  possible,  in  the  wind  tunnel  to  combine  flow  visualization  with  rolling  moment  measurement.  One  can 
thus  define  the  angle  of  attack  at  which  the  trouble  occurs.  Due  to  scale  effect,  this  angle  will  generally  be  2C  to 
3“  higher  in  flight,  but  the  methods  used  to  decrease  the  rolling  moment  on  the  model  and  to  delay  its  onset  till  a 
higher  angle  of  attack  is  reached  will  also  be  effective  on  the  actual  aircraft. 

3.5.2  I. oss  in  Roll  Effectiveness  at  High  Angle  of  Attack 

Due  to  wing-lip  separation,  the  parts  of  the  roll  control  devices  (ailerons  and  spoilers)  which  arc  located  in  that 
zone  will  progressively  lose  their  efficiency  as  angle  of  attack  is  increased.  It  is  thus  essential,  in  order  to  avoid  a 
total  loss  in  control  efficiency,  to  locate  as  much  of  these  control  devices  out  of  the  stalled  zone  as  is  possible. 

From  this  point  of  view,  a  roll  control  system  consisting  only  of  ailerons  appears  impractical  on  an  aircraft  with  a 
highly  swept  wing.  In  order  to  maintain  adequate  efficiency  at  high  angles  of  attack,  one  would  have  to  use  ailerons 
extending  over  such  a  large  part  of  the  span  that  the  effectiveness  of  the  high-lift  system  (being  limited  in  span) 
would  be  considerably  lowered. 
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One  therefore  lias  to  specify  either 

spoilers  alone,  located  in  the  best  spanwise  position,  and  allowing  lull-span  flaps  to  he  used; 
or  a  combination  of  ailerons  and  spoilers,  the  proportion  of  each  being  accurately  determined 
by  low  and  high  speed  considerations. 

From  the  point  of  view  of  the  maximum  permissible  C,  .  each  of  the  configurations  can  he  envisaged. 

But  the  former  may,  in  fact,  result  in  a  somewPat  higher  value  of  C'|  IIlax  .  While  its  practical  realization  is  a 
bit  more  difficult,  experience  proves  that  it  is  achievable.  However,  a  very  high  lift  effectiveness  which  results 
in  a  high  permissible  C,  can  lead  to  a  number  of  other  problems  which  we  will  look  at  in  Section  4. 

3.5.3  Adverse  Sideslip  Problems  cm  Entry  into  a  Turn  near  the  Stall 

This  problem  concerns  all  of  the  aircraft  of  the  type  we  consider,  at  very  low  speeds.  In  a  low-speed  entry 
into  a  turn  the  lateral  component  of  the  weight  causes  the  aircraft  to  acquit.1  some  adverse  sideslip  (see  Figure  15). 
This  sideslip  tends  lo  decrease  the  roll  rate  according  as  to  how  effective  the  high-lift  system  is.  because  of  the 
increased  dihedral  effect.  (We  recall  that  lv  increases  with  AC,  due  to  the  flap  deflection). 

The  sideslip  tendency  is  aggravated  by  the  fact  that  nv  tends  to  decrease  when  the  angle  of  attack  is 
increased.  Figure  16  shows  the  variation  of  /v  and  nv  as  functions  of  the  flap  setting  and  of  the  angle  of  attack. 

The  situation  may  be  improved  by  using  the  rudder,  or  by  incorporating  some  roll-yaw  coupling.  A  very  good 
solution  results  from  using  differential  deflection  of  the  horizontal  tailplane.  At  high  angles  of  attack,  the  main 
effect  of  such  a  device  is  to  give  direct  yaw  (and  very  little  roll).  Its  use  then  increases  the  roll  rate,  not  by  its 
direct  roll  effect  (because  it  is  not  increasing  by  very  much),  but  by  the  cancellation  of  the  adverse  sideslip  by 
its  resulting  high  values  of  n»  .  If  such  a  system  is  adopted,  obviously  its  amplitude  must  be  decreased  at  higher 
speeds.  But  this  is  not  the  subject  of  this  lecture. 

3.5.4  Loss  in  Effectiveness  of  the  Vertical  Fin  at  High  Angles  of  Attack: 

Variations  in  Yaw 

The  maximum  permissible  CL  can  be  determined  in  certain  cases  by  the  loss  in  fin  efficiency  at  high  angles 
of  attack.  When  the  Haps  are  strongly  deflected,  the  decrease  in  nv  is  less  sensitive  to  incidence  change  than  it  is 
for  the  clean  aircraft  (see  Figure  16).  Most  of  the  nv  is  due.  in  that  case,  to  the  wing  itself;  induced  drag  being 
bigger  on  one  side  than  on  the  other.  Nevertheless.  nv  finally  decreases  at  high  C,  .  which  is  enough  to  produce 
some  loss  of  yaw  control  in  certain  cases.  This  kind  of  trouble  can.  in  some  cases,  define  the  maximum  permissible 
CL  .  Improvement  of  the  situation  results  from: 

the  best  possible  design  of  the  shits  and  Haps; 

the  use  of  a  big  enough  fin  and  also  a  fairing  between  the  fuselage  and  the  fin  (allowing  some  retention 
of  the  lateral  lift  at  high  angle  of  attack),  or  a  ventral  fin: 

giving  the  same  kind  of  effect  (see  Figure  17). 

The  use  of  such  devices  obviously  depends  on  the  general  configuration.  One  has  to  test  these  in  the  wind 
tunnel,  and  lo  retain  the  best  design. 

3.6  Recapitulation 

The  methods  of  achieving  the  maximum  permissible  C,  and  thus  the  minimum  approach  and  take-off 
speeds  have  been  examined  (expected  max.  C’L  from  1.6  to  1,8).  I  bis  problem  being  solved,  we  will  now  look 
at  the  problems  arising  at  normal  approach  and  take-off  angles  of  attack  due  to  the  realization  of  such  high  values 
of  the  maximum  C,  . 


4.  PROBLEMS  CONNECTED  WITH  HIGH-LIFT  SYSTEM  DEVICES  AT 
NORMAL  OPERATING  ANGLES  OF  ATTACK  OF  THE  AIRCRAFT 

4. 1  Problems  Connected  with  the  High  Values  of  Cm  due  to  Flap  Deflection 

Summarising,  high  flap  deflections  produce  two  opposite  effects  on  all  kinds  of  aircraft: 

a  direct  effect,  which  is  the  nose-down  moment  due  to  the  deflection  of  the  flaps  themselves; 

an  indirect  effect,  due  to  the  change  in  Row  direction  over  the  horizontal  tail,  giving  some  nose-up  moment 
and  tending  to  compensate  the  first  effect. 

It  may  be  easily  seen  that,  on  a  highly  swept  wing  aircraft,  the  former  of  these  two  influences  tends  to  be 
dominant.  It  becomes  more  important  as  the  spanwise  extent  of  the  Haps  becomes  larger.  Effectively,  the  high 
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(  !  values  existing  at  iIh1  lip  ol  Ihi'  wing  located  behind  I  ho  C.G.  position  have  a  tendency  to  eontriliute  a  very 
iinpoit.ini  nose-down  moment.  I  lie  result  is  that  the  lull  el  loot  due  to  the  deflection  of  the  flaps  on  such  an 
an.  tall  generally  results  in  a  pilch-down  tendency. (  (See  Figure  IS,  showing  the  ordei  of  magnitude  of  the  ACn) 
dm  to  the  Maps  with  the  hori/ontal  tailplane  oil).  I  he  several  consequences  of  this  result  will  now  he  analysed. 

■I  II  I  ill  l.oss  due  in  Cm  Trimming 

II  .11  a  given  incidence.  ACm  is  the  pitching  moment  coefficient  without  a  tailplane,  this  nose-down  A('nl 
must  he  trimmed  In  a  tail  AC,  (based  on  wing  area):  namely 

AC,  =  +  ACm  .  y-  . 

c  being  the  reference  chord  (mean  aerodynamic  chord)  and  L  the  distance  between  the  C.G.  and  the  horizontal 
tailplane  aerody  namio-centre. 

It  is  then  obvious  that  the  larger  the  magnitude  of  the  nose  down  ACm  ,  the  larger  is  the  loss  in  C|  due  to 
the  trim,  l  or  this  reason,  one  can  see  that  it  is  possible  to  find  some  compromise  by  limiting  the  wing  span  or, 
better  still,  by  limiting  the  external  flap  deflection. 

■I  I  2  Trim  Change  During  the  Flap  Deflection  Phase 

flic  obvious  aim  is  to  have  no  trim  change  when  changing  the  flap  deflection.  However,  due  to  the  fact  that 
A('m  is  more  negative  when  the  flap  effectiveness  is  bigger,  the  total  ACn)  for  the  entire  aircraft  starting  from 
a  given  trim  position  ((laps  up)  and  keeping  elevator  angle  constant  when  deflecting  (laps  will  remain  negative, 
and  will  increase  with  increasing  flap  effectiveness  (see  Figure  I1)).  This  means  that  there  will  be  a  change  of 
elevatoi  angle  to  trim  during  the  flap  deflection.  A  change  of  more  than  5°  or  b°  is  unacceptable,  and  one  has  to 
limit  it  to  the  minimum  level,  for  a  given  desired  value  of  AC,  due  to  the  Haps. 

In  fact,  it  is  possible  to  have  some  coupling  between  the  flap  and  elevator  deflection,  but  this  is  an  additional 
complication  to  be  avoided  as  much  as  possible.  One  has.  in  any  case,  to  gel  the  rate  of  trim  compatible  with  that 
of  the  flap  movement  itself,  this  generally  being  of  the  order  of  5  to  10  seconds  for  the  total  travel.  The  best 
way  to  limit  the  trim  change  is  to  adjust  the  fore-and-aft  position  of  the  tailplane.  Putting  the  tailplane  as  close  as 
possible  to  the  wing's  t railing-edge  is  very  favourable  from  that  point  of  view.  This  is  obviously  due  to  the  fact 
that  the  downflow  behind  the  flaps  is  more  intense  as  one  goes  closer  to  them,  so  that  the  nose-up  moment  due  to 
the  horizontal  tailplane  becomes  larger.  However,  to  counteract  this  advantage,  it  is  necessary  to  increase  the  tail 
plane  area  in  order  to  maintain  a  tail  volume  sufficient  to  give  adequate  longitudinal  stability.  The  compromise 
between  these  two  conditions  is  obviously  not  easy  to  realise. 

Finally,  we  point  out  that  differential  flap  settings  also  help  the  trim  problem,  the  reason  being  the  same  as 
explained  before.  We  also  note  that  a  kinked  trailing-edge,  giving  less  trailing-edge  sweep  just  in  front  of  the  tail- 
plane,  also  gives  some  benefit. 

■I  I  a’  Fn near d  C.(l.  Problems  at  Take-Off  ami  I. ending 

For  the  type  of  aircraft  we  are  considering,  the  forward  C.G.  limit  is  generally  defined  by  take-off  or  landing 
conditions. 

tat  I  he  critical  problem  concerns  the  lifting  of  the  nosewheel  at  take-off.  At  the  ground  roll  incidence,  the 
speed  for  nosewheel  lift  is  that  at  which  the  aerodynamic  moment  (with  flaps  at  the  optimum  setting  and 
maximum  up-elevator)  becomes  high  enough  to  compensate  the  nose-down  moment  due  to  the  reaction 
on  the  main  wheels  and  the  friction  forces  (see  Figure  20).  The  aerodynamic  moment,  with  maximum 
up-elevator,  decreases  with  increase  of  flap  efficiency.  Furthermore,  the  aerodynamic  moment  becomes 
less  positive,  and  the  nosewheel  lifting  speed  therefore  increases,  as  the  C.G.  position  moves  forward. 

For  a  given  flap  efficiency,  it  is  thus  necessary  to  scale  the  horizontal  tail  plane  so  that  this  speed,  using 
the  envisaged  maximum  up-elevator,  remains  low  enough  (for  example  l.l  Vs )  for  the  most  possible 
forward  C.G.  position  at  take-off.  It  should  be  noted  that  it  is  imperative  to  take  ground  effect  into 
account  in  this  evaluation.  Its  adverse  effect  will  be  analysed  in  the  paragraph  concerning  the  approach 
and  landing,  but  the  philosophy  is  the  same  at  take-off.  In  other  words,  the  decrease  in  downwash  near 
the  ground,  at  a  given  angle  of  attack,  tends  to  increase  the  nose-down  moment  due  to  Ihe  flap  deflection, 
and  thus  also  to  increase  Ihe  elevator  deflection  necessary  to  give  the  required  nose-up  moment. 

One  can  say  finally  that,  lit  some  cases,  nosewheel  lilting  can  determine  the  limiting  forward  position  of 
the  aircraft’s  C.G. 

ilil  It  approach  and  landing  conditions 

As  a  general  rule,  the  flare  problem  at  landing  still  defines  the  forward  C.G.  limit  of  Ihe  aircraft.  In  order 
fully  to  utilise  the  high-lilt  possibilities  of  an  aircraft,  one  has  to  assume  the  maximum  value  of  the  final 
approach  and  landing  C,  in  flare  for  all  possible  C.G.  positions  at  landing.  One  then  has  to  remember 
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that,  during  the  Hare,  the  substantial  reduction  ol'  downwash  at  the  tailplane  produces  an  additional  nose 
down  moment.  This  results  in  an  increase  in  the  elevator  deflection  needed  to  trim  the  aircraft.  With 
the  C.G.  forward  of  a  certain  position,  the  trimming  of  the  expected  becomes  impossible  (big. 21 ). 
ThisC.fi.  position  then  becomes  the  forward  limit,  if  no  other  condition  is  more  stringent.  One  has,  in 
any  case,  to  arrange  the  balance  of  the  aircraft  in  such  a  way  that  the  C.G.  is  aft  of  this  position. 


4.2  Problems  Concerned  with  Drag 

The  high  drag  due  to  an  effective  high-lift  system  results  in  some  problems  at  landing  as  well  as  at  take-off. 
These  are  well  known  and  it  is  not  necessary  to  debate  them  very  much  here. 

4.2.1  Take-Off 


We  consider  the  most  general  case  of  a  multi-engined  aircraft.  Two  possibilities  have  to  be  considered: 

(a)  Short  take-off  conditions 

In  this  case,  engine  failure  or  safety  at  take-off  are  not  to  be  taken  into  account,  l-'or  a  given  weight,  one 
has  then  to  look  at  the  best  compromise  between  a  high  take-off  Cj  and  a  value  of  CD  C,  giving 
as  high  an  acceleration  as  possible.  For  relatively  low  weights,  the  decrease  in  acceleration  due  to  high 
flap  deflections  is  generally  compensated  by  the  resulting  decrease  in  the  take-off  speed.  With  increasing 
weight  (and  in  particular  in  overloaded  take-offs)  the  effect  of  the  drag  becomes  preponderant,  and  above 
a  certain  value  of  the  weight  one  has  to  decrease  the  flap  deflection  (see  Figure  22). 

(b)  Take-off  with  engine  failure  -  determination  of  minimum  runway  length 

Considering  the  engine  failure  case,  one  has  to  select  a  take-off  speed  such  that  the  vertical  speed  with 
the  remaining  engine  working  (and  if  necessary  after  release  of  the  external  stores)  is  large  enough  to 
clear  50  ft.  This  speed  must,  in  any  case,  be  larger  than  1.1  Vs  .  If  this  speed  has  not  yet  been  attained, 
one  has  to  wait  for  1.1  Vs  as  a  minimum  for  the  lift-off,  and  the  speed  at  the  time  the  obstacle  is  cleared 
has  to  be  1.2  Vs  .  In  any  case  it  may  be  worthwhile  to  decrease  the  flap  deflection  (see  vertical  speeds 
vs  Hap  deflection  in  Figure  23). 

The  lift-off  speed  having  been  so  defined,  one  now  determines  the  critical  speed:  should  an  engine  failure 
occur  at  the  critical  speed,  the  runway  length  required  to  carry  on  with  the  take-off  and  clear  the  50  ft 
obstacle  or  to  stop  the  aircraft  will  be  the  same.  This  length  is  obviously  the  minimum  allowing  for  safety. 
In  the  case  of  high  overloads  this  speed  would  occur  after  the  lift-off  speed,  and  in  that  ease,  the  minimum 
runway  length  will  be  defined  by  the  acceleration  stop.  Figure  24  illustrates  such  a  situation  and  shows 
the  50  ft  clearing  and  the  acceleration  stop  distances.  It  is  supposed  that  in  the  ease  of  failure  occurring 

after  take-off,  the  external  stores  will  be  released  at  a  given  altitude  (of  the  order  of  15  ft). 

4.2.2  Approach  and  Landing 

For  approach  and  landing  conditions,  the  most  critical  problem  in  connection  with  drag  is  that  of  engine  failure 
on  a  two-engine  aircraft,  and  chiefly  at  high  weights.  This  problem  is  even  more  critical  when  the  descent  slope  is 
specified  (GCA  or  ILS  approaches),  and  yet  even  more  when  the  approach  speed  is  limited  to  a  maximum  (carrier 
landings).  The  aircraft  must  then  have  enough  thrust  to  ensure  adequate  vertical  speed  variations  around  the  mean 

slope  as  well  as  possibly  at  the  given  speed.  In  the  case  of  ILS  or  GCA  approaches,  one  generally  considers  that 

the  thrust  and  lift-drag  ratio  must  be  high  enough  for  the  aircraft  to  be  able  to  maintain  level  High l.  flaps  and  under¬ 
carriage  down.  This  is  not  always  possible  with  Haps  fully  down  (Fig. 25);  for  example,  just  after  take-off  and  in 
high  temperature  conditions. 

One  has  thus  to  pay  particular  attention  to  this  problem,  right  from  the  beginning  of  the  design,  and  always 
to  consider  a  Hap  configuration  which  permits  the  performance  described. 

4.3  Problems  Connected  with  Lateral  and  Transverse  Flying  Qualities 
4.2.1  Rolling  Efficiency 

At  normal  approach  and  take-off  angles  of  attack  and  speeds,  the  control  system  in  roll  must  be  designed  to 
be  very  efficient,  especially  in  the  case  of  flight  in  a  cross-wind.  This  problem  is  particularly  critical  with  a  high- 
lift  device  of  high  efficiency,  due  to  the  large  rolling  moments  with  sideslip  resulting  from  it.  Hut.  in  addition  to 
the  high  rolling  efficiency,  one  also  requires  rolling  moment  to  increase  steadily  with  control  deflection,  so  as  to 
avoid  pilot  induced  oscillations.  To  sum  up,  high  values  of  and  /(f)  curves  as  linear  as  pc ssihle  have  to  he 
obtained. 

(a)  Realisation  of  effective  roll  control  devices 

It  is  possible  to  obtain  effective  roll  control  by  using  an  aileron-spoiler  combination,  or  spoilers  alone, 
in  order  to  have  the  benefit  of  high-lift  devices  extending  over  the  full  span.  To  obtain  adequate  efficiency 
from  ailerons  alone  requires  that  they  should  be  of  excessive  spanwise  extent,  thus  limiting  Hap  efficiency 


S-S 


except  it'  the  aileron  itself  is  also  tiseii  as  a  flap.  The  remarkable  effectiveness  of  the  spoiler-ailerons  or 
spoilers  alone  can  be  illustrated  by  giving  the  order  of  magnitude  of  the  obtainable  1^  .  For  the  clean 
aircraft,  a  reasonable  value  of  is  of  the  order  of  0.0005.  Flaps  down,  values  three  times  higher  can  be 
expected,  which  could  not  be  obtained  with  classical  ailerons. 

(bl  l.inearin  of  the  /if)  curve 

This  point  particularly  concerns  spoilers.  It  has  been  seen  that  the  efficiency  of  these  increase  as  the  flap 
deflection  increases.  This  is  due  to  the  destruction  of  the  flap  slot  el'lect  by  the  spoiler  (see  Figure  26), 
resulting  in  high  losses  of  local  Cj  and  thus  in  a  large  rolling  moment,  which  in  many  cases  does  not 
increase  steadily  enough  with  deflection. 

If  one  wants  to  avoid  P.I.O.S.  on  the  approach,  one  has  to  pay  particular  attention  to  the  problem. 

It  can  be  completely  solved  by  suitable  choice  of  the  following  parameters: 

spoiler  chordwise  and  spanwise  location: 
geometry  of  the  flap  slope  itself; 
differential  deflection  of  the  Haps; 

occasional  use  of  non-linear  gearing  between  the  stick  and  the  elevator. 

No  general  rule  can  he  recommended,  because  the  choice  of  a  solution  is  a  matter  of  compromise  between 
low  and  high  speeds,  and  because  the  longitudinal  stability  and  maneuverability  problems  we  have  previously 
discussed  must  also  be  taken  into  account. 

-/  a’  2  Dynamic  Stability 

The  use  of  a  very  effective  high-lift  device  results  in  significant  variations  of  the  aerodynamic  derivatives,  compared 
with  those  obtained  on  the  clean  configuration.  The  order  of  magnitude  of  these  variations  can  be  indicated:  for 
example.  /v  and  nv  can  be  doubled  when  tlap  deflection  increases  from  zero  to  the  maximum  value;  the  dynamic 
derivatives,  except  /,  .  which  can  be  doubled,  do  not  vary  much.  Typical  variations  of  these  derivatives  are  tabulated 
for  an  average  angle  of  attack  (of  the  order  of  5°): 
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Consider  the  lateral  stability  equations: 
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where  A  is  the  principal  roll  inertia; 

C  is  the  principal  yaw  inertia. 

F  is  the  x  /.  product  of  inertia. 

When  their  solution  is  obtained  as  a  function  of  the  speed,  this  being  correlated  with  the  angle  of  attack,  one 
finds  that  the  terms  having  the  most  effect  on  the  damping  ratio  are  those  which  are  dependent  on  the  angle  of 
attack,  and  also  (to  a  lesser  extent)  those  depending  on  the  product  of  inertia  term  F.  . 

These  effects  are.  in  fact,  increased  by  the  large  value  of  /v  . 

The  variations  are  as  follows: 

the  damping  decreases  with  decrease  of  a  ,  i.e.  with  increase  of  speed; 

the  effect  is  most  important  when  F  is  large,  i.e.  when  the  principal  axis  of  inertia  in  roll  is  pitched  nose-down. 


Figure  27  shows  these  effects  in  the  plane;  also  shown  are  handling  assessments  based  on  the  Cooper 


S-‘J 


scale. 


We  see  that  an  effective  high-lil't  device  combined  with  a  nose-down  principal  axis  of  inertia  can  lead  to  dutch 
roll  instability  when  the  speed  increases.  The  problem  is  then  to  choose  a  flat  deflection  anil  inertia  axis  position 
such  that  this  instability  can  only  occur  at  a  speed  higher  than  the  design  speed  of  the  flaps 

4.4  Wave-Offs  (Overshoots) 

Although  not  directly  connected  with  the  flap  configuration,  the  problem  of  overshoot  at  landing  has  enough 
importance  to  be  noted  as  one  of  the  main  problems  associated  with  flying  qualities  at  low  speeds.  It  must  be 
ensured,  as  far  as  possible,  that  during  this  manoeuvre  no  moment  variations  occur,  especially  in  the  pitching-down 
direction.  It  is  therefore  necessary  to  eliminate  the  reasons  giving  rise  to  such  a  tendency  as  early  as  possible  in 
the  design.  We  recall  the  two  main  reasons: 

(a)  The  first  one  is  the  C.G.  position  with  respect  to  the  thrust  axis.  It  is  imperative  that  the  thrust  axis 
position  be  as  near  as  possible  to  the  ('.(1. 

(b)  The  second  one  can  he  the  jet-elevator  interaction.  Such  an  interaction  essentially  depends  on  the 
configuration  of  the  rear  of  the  aircraft,  and  can  be  determined  by  direct  measurements.  These  measure¬ 
ments  must  be  performed  and  the  necessary  modifications  made  as  soon  as  possible,  in  order  to  avoid 
later  modifications  arising  from  prohibitive  elevator  deflections  during  overshoots. 


5.  ADDITIONAL  PROBLEMS 

These  problems  will  only  be  mentioned  because  the  solutions  to  them  are  not  always  required.  They  are 
interaction  problems  and  may  generally  be  solved  using  the  results  of  wind-tunnel  tests. 

5.1  External  Stores  Effect 

These  problems  due  to  the  presence  of  external  stores  are  essentially  stability  ones.  They  may  be  more  or  less 
critical  when  the  flaps  are  down,  but  one  can  say.  in  general,  that  if  they  have  been  solved  for  the  clean  aircraft 
then  the  effect  in  the  high-lift  condition  will  be  very  small.  Nevertheless,  the  fact  that  this  is  true  and  that  no 
significant  rear  C.G.  limitation  is  imposed  for  take-off  and  landing  should  be  cheeked  by  wind-tunnel  tests. 

5.2  Problems  Due  to  the  Landing  Gear 
These  problems  concern: 

the  drag; 

the  longitudinal  stability; 
the  longitudinal  trimming. 

It  is  necessary  to  optimize,  in  particular,  the  configuration  of  the  undercarriage  doors.  When  the  undercarriage  is 
down,  as  much  as  possible  these  doors  must  be  closed.  In  order  to  be  representative  enough,  the  models  being 
used  in  wind-tunnel  tests  must  be  provided  with  the  cavities  existing  on  the  aircraft  when  the  landing  gear  is  down. 

5.3  Problems  Concerned  with  Deflection  of  the  Airbrakes 

The  aircraft  behaviour  in  the  high-lift  condition  when  the  airbrakes  are  in  use  must  be  considered,  with 
particular  attention  to  the  longitudinal  stability.  One  must  check  that  the  interactions  between  the  airbrakes,  the 
Haps  and  the  tailplane  in  the  approach  configuration  do  not  result  in  any  instability  or  any  important  increase  in 
the  trim  deflection  of  the  elevator.  This  cheek  must  be  performed  in  the  presence  of  ground  effect 

5.4  Miscellaneous 

In  fact,  all  the  problems  mentioned  in  Sections  5.1  to  5.3  also  affect  the  lateral  stability  and  some  care  must 
be  taken  to  consider  this  aspect.  In  all  eases,  the  effect  of  thrust  must  if  possible  be  considered,  both  far  from  the 
ground  and  near  to  it. 

On  carrier-based  aircraft,  flight  path  optimization  must  be  very  accurately  determined  using  analogue  computers 
or  simulators,  and  taking  into  account  the  various  effects  described  above. 

The  problems  of  control  forces  are  also  important.  The  way  to  avoid  P.I.O.'s  for  example,  is  not  only  to  obtain 
the  best  dynamic  qualities  of  the  aircraft  but  also  to  achieve  a  good  compromise  between  the  stability  characteristics 
and  the  displacements  and  forces  on  stick  and  pedals.  But.  if  the  aircraft  is  good  in  itself,  this  kind  of  problem  is 
generally  solved  by  adjustments  in  flight,  so  will  not  be  considered  in  this  lecture. 
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Sunk1  other  problems,  concerning  the  behaviour  of  the  engines  at  take-off  or  landing,  for  example,  must  also  he 
ouiMilereil  S  he  effectiveness  of  the  auxiliary  doors,  in  particular,  must  be  very  carefully  optimized,  but  it  has  not 
been  possible  to  develop  them  further. 

I  eelim 'logical  problems  of  much  interest  concern  the  visibility,  the  methods  of  achieving  Haps  and  slats  without 
laige  interruptions  at  the  level  of  the  rails  and  jacks,  the  landing  parachute  behaviour,  etc.  We  can  only  mention  them 
as  being  of  some  particular  interest. 


b  CONCLUSIONS 

As  has  been  stated  at  the  beginning  of  the  paper,  the  choice  of  a  configuration  solving  all  the  problems  involved 
with  high-lift  devices  is  very  difficult.  It  must  be  done  mainly  by  experimental  methods.  The  main  problems  have 
been  examined  and  qualitatively  discussed  with  the  intention  of  presenting  their  most  important  aspects.  In  fact,  it 
is  possible  it'  enter  into  quantitative  details  and  experimental  results  only  when  speaking  of  some  particular  aircraft. 

It  seems  to  me  that  the  most  important  thing  is  to  be  aware  of  the  questions  that  have  been  raised,  and  not  to 
neglect  any  of  them. 

If  one  takes  care  in  solving  these  problems,  and  treats  them  as  interdependent,  never  losing  sight  of  the  reper¬ 
cussions  they  have  on  one  another,  then  it  will  be  possible  to  achieve  an  aircraft  having  good  performance  and 
good  flight  qualities  in  both  take-off  and  landing. 
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INTRODUCTION 
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1  . 


This  paper  gives  an  indication  of  the  type  of  tests  which  are  likely  to  be  required  in  the  United 
Kingdom  to  clear  an  airoraft  from  handling  and  performance  aspects  for  military  S.T.O.L.  applications. 
Tests  made  to  clear  the  Andover  C.  Mk.  1  are  given  as  an  example. 

No  speoial  consideration  is  given  to  particular  high-lift  devices  each  of  which  may  of  course 
introduce  individual  problems.  However  it  is  considered  that  in  the  case  of  S.T.O.L.  aircraft  generally 
the  problem  of  variability  in  behaviour  may  require  more  than  usual  attention  due  to  the  rapid  manoeuvres 
and  short  distances  involved  with  considerable  dependence  on  pilot  technique. 


2.  OBJECT  OF  TESTS 

(a)  To  ensure  that  the  basic  flying  characteristics  and  techniques  recommended  by  the  aircraft 
manufacturer  are  safe. 

(b)  Using  the  approved  technique  to  measure  the  average  performance  for  comparison  with  the  requirement 
and  provisional  operating  data. 

(o)  To  obtain  a  reasonable  estimate  of  the  scatter  in  performance  in  order  to  assess  whether  or  not  the 
operational  safety  faotors  should  be  increased  In  relation  to  those  normally  used. 

3.  GENERAL  HANDLING  TESTS 

On  the  assumption  that  the  aircraft  has  to  be  cleared  ovsr  its  whole  practical  flight  envelope, 
then  the  following  aspects  would  usually  be  checked  over  the  full  range  of  weight,  centre  of  gravity, 
speed,  altitude  and  likely  configurations  prior  to  making  a  specific  S.T.O.L.  assessment.  A  minimum  of 
two  and  usually  three  or  more  pilots  make  qualitative  appraisals. 

I,  Qualitative 

Pilots'  assessment  of  overall  suitability  for  role  including 
backlash,  cockpit  appraisal,  ground  handling  on  both  wet  and 
crosswind,  rain,  poor  visibility  day  and  night,  best  speeds, 

II.  Longitudinal  stability  and  control 

(a)  Statio  stability  margins  stick  free  and  fixed.  (Stick  force 
angle  to  trim  at  different  speeds.) 

(b)  Short  period  oscillations. 

(c)  Trim  authority  and  ohanges  of  trim  with  power,  flaps,  undercarriage,  airbrakes,  sideslip  and  rais-set 
trim. 


assessment  of  control  friction  and 
dry  runways,  effects  of  turbulence, 
configurations  and  techniques. 


to  change  speed  and  control- surf ace 


(d)  Stick  force  per  g. 

(e)  Aircraft  response  on  stick  release  after  speed  change. 

(f)  Minimum  unstick  and  threshold  speeds. 

IH.  Lateral  and  directional  stability  and  control 

(a)  Sideslips. 

(b)  Short  period  oscillations. 

(o)  Trim  authority  and  changes  of  trim  with  power,  speed,  etc,  including  effects  on  one  or  more  engine 
failures. 

(d)  Rates  of  roll. 

IV.  Flight  envelope 

(a)  Lowest  flight  speeds  and  warning  margins. 

(b)  Highest  flight  speeds  or  Mach  numbers. 

(o)  Limiting  speed/Mach  number/ g  combinations. 

(d)  Limiting  lift  conditions  with  variation  of  Mach  number. 

V.  Engine  handling 

(a)  Engine  cuts  and  relights. 

(b)  Engine  accelerations  end  decelerations. 

(o)  Manoeuvres  with  one  or  more  engines  out. 


V r .  Autopilot  and  auto-stabilisers 
Ins tinment  approaches 
V’ '  I  .Single  failures  other  than  engines 

(P.K.C.,  flaps,  pilot  mis-selections,  etc.) 

Two  of  these  basic  types  of  test  which  are  particularly  relevant  for  a  S.T.O.L.  aircraft  are  the 
assessment  of  the  behaviour  at  the  minimum  flying  speed  and  the  minimum  speed  at  which  an  engine 
fail ure  can  be  controlled  in  the  case  of  a  multi-engined  aircraft.  In  order  to  illustrate  typical  tests 
made  in  more  detail,  a  rough  breakdown  of  the  specific  tests  made  on  these  aspects  is  given  in  the 
following;  two  paragraphs. 

3.1  Minimum  Flying  Speed  (V^) 

This  is  defined  as  the  lowest  practicable  speed  at  which  the  aircraft  oan  be  flown. 

Test3  are  usually  made  at  high  and  low  weight  with  extieme  fonvord  and  aft  centre  of  gravity 
positions,  at  an  altitude  of  about  10,000  ft  for  the  initial  tests  and  subsequently  at  lower  or  higher 
altitudes  if  considered  appropriate  for  the  upe rational  role.  An  area  free  from  cloud  and  turbulence  is 
selected.  At  each  loading  condition  in  the  appropriate  aerodynamic  configuration  with  the  engines  at 
idling  conditions,  the  speed  is  reduced  with  the  wings  level  from  an  initial  trimmed  speed  of 
approximately  1 .3  x  the  estimated  lowest  practicable  speed  at  which  the  aircraft  can  be  flown.  For  the 
majority  of  the  tests  the  rate  of  speed  reduction  is  approximately  1  kt/sec,  but  slower  and  faster  rates 
are  also  checked  (order  of  0.5  to  3  kts/’sec).  The  following  aspects  are  noted: 

(a)  Whether  there  is  ary  warning  of  approach  to  a  stall  or  other  limiting  condition;  the  nature  of  the 
warning  and  the  speed  and  incidence  at  which  it  occurs. 

(b)  The  position  of  the  control  column  at  the  limiting  condition,  the  forces  required  and  the  nature  of 
the  force/speed/incidence  relationship,  e.g.  whether  the  force  reduces  considerably  just  prior  to  a 
stall. 

(c)  The  behaviour  of  the  aircraft  at  the  limiting  condition;  especially  whether  a  wing  drops  and,  if 
so,  how  suddenly  and  whether  it  oan  be  raised  by  ailerons  alone. 

(d)  Y/hether  there  is  ary  tendency  to  spin. 

(e)  The  method  of  recovery  from  a  stall  or  other  condition  and  the  height  lost  during  recovery. 

(f)  'Whether  or  not  the  aircraft  can  be  prevented  from  reaching  the  limiting  condition  if  recovery- 
action  is  initiated  at  the  warning  stage. 

For  all  minimum  flying  speed  checks,  incidence  and  sideslip  indications  are  normally  presented  to 
the  pilot  and,  if  a  stall  or  loss  of  lateral  control  is  not  achieved  at  some  incidence  reading  agreed 
prior  to  the  flight  on  the  basis  of  the  Firm's  flight  tests  and  tunnel  tests,  the  test  is  discontinued 

to  avert  the  danger  of  a  super-stall  or  other  known  hazard. 

The  wings  level  tests  are  repeated  with  power  on;  but  it  is  not  always  practical  to  carry  out  tests 
with  take-off  power  applied,  because  of  the  dangers  inherent  in  the  excessively  steep  attitudes  which 
can  result  even  with  the  reduced  power  available  at  a  reasonable  test  altitude. 

Checks  are  also  made  in  turning  flight,  either  with  the  turn  progressively  tightened  at  a  constant 
speed  of  about  1  .2  x  the  lowest  practical  flight  speed,  or  in  the  case  of  large  aircraft  at  an  angle  of 
ba:ik  of  about  jC)0  wi  ch  the  3peed  reduced  at  a  rate  of  un  to  about  3  kts/sec.  A  brief  check  is  made  of 
the  characteristics  with  an  engine  "ailed  when  appropriate  but  only  usually  in  wing3  level  flight. 

normally  the  characteristics  at  the  limiting  conditions  are  considered  acceptable  if  on  average 
there  :3  no  violent  behaviour;  i.e.  wing  drop  not  exceeding  the  order  of  30°,  no  rapid  pitch  up  or  down, 

no  tendency  to  3pin,  height  loss  of  the  older  of  200  or  300  ft  and  the  recovery  oan  be  made  with  the 

normal  use  of  the  controls. 

7:  e  warning  of  th<-  approach  to  limiting  conditions  is  considered  acceptable  if  the  stick-force 
gradient  up  to  the  limiting  condition  is  positive  and  there  is  natural  buffet  or  artificial  warning  with 
sufficient  margin  from  th*-  limiting  coalition  to  make  a  satisfactory  recovery  (minimum  usually  of  the 
order  of  7  kts  or  7-  K.A.S.  or  1..V or  C"  incidence). 

:: tailing  or  limit :  up  low-  qved  handling  characteristics  -worse  than  those  described  as  normally 
accepts:  may  be  accepted,  depending  on  the  role,  if  the  warning  system  is  very  obvious  (e.g.  audio 

plus  r.M'-l:  shaker)  and  has  a  high  integrity  (e.g.  duplicated)  with  more  than  the  minimum  warning  margin. 

if  the  case  of  a  limiting  incidence  being  prescribed  in  order  to  avert  a  superstall  then  ideally  a 
stick  pusher  or  other  artificial  recovery  device  should  bo  fitted  but,  depending  on  ‘he  role,  this  would 
not  necessarily  be  considered  essential  for  a  military  aircraft  if  the  warning  of  approach  to  the 
langero  i.--.  situation  a;.d  the  margin  from  the  dangerous  situation  are  considered  adequate.  If  however  an 
aircraft  is  likely  to  operate  for  long  periods  near  the  ground  or  sea,  then  the  requirements  are 
int-Tpr-t*”!  -.ore  severely. 
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3.2  Minimum  Speed  for  Control  Immediately  After  an  Engine  Failure  (Vmc[1) 

This  is  defined  as  the  lowest  speel  at  which  a  sudden  complete  engine  failure  can  be  controlled 
when  initially  in  wings  level  flight. 

Centre  of  gravity  is  not  usually  considered  an  important  variable  for  these  tests,  but  checks  are 
sometimes  made  at  hi$i  and  low  weight  if  it  i3  practicable ,in  order  to  cover  the  different  lateral 
inertias.  The  lowest  safe  height  is  normally  U3ed  in  order  to  obtain  the  greatest  assyraetry  due  to 
power,  but  extreme  oare  in  testing  is  required  if  the  power-off  stalling  speed  in  particular1  is  of  the 
same  order  as  the  minimum  control  3peed  and,  for  tills  reason,  tests  are  often  only  a  practical 
possibility  at  very  light  weight. 

The  tests  are  made  using  all  likely  configurations  for  take-off,  cruise  and  approach  and  the  engine 
giving  the  most  asymraetrio  effect  is  used  to  simulate  a  failure. 

The  normal  test  procedure  is  to  throttle  the  critical  engine  at  a  speed  well  in  excess  of  the 
estimated  minimum  control  speed  (20  kts  plus)  and  then,  with  the  maximum  appropriate  power  on  the  other 
engines,  to  slowly  reduce  the  speed  (l  kt/sec)  until  with  wings  level  and  either  full  rudder  or  a  foot 
force  of  the  order  of  180  lb  the  aircraft  con  be  maintained  on  a  steady  heading.  The  speed  is  then 
further  reduced  until  a  steady  heading  can  be  no  longer  maintained  with  about  5°  of  bank  applied. 

The  aircraft  is  then  flown  with  all  engines  at  the  appropriate  power  at  the  minimum  speed  determined 
from  the  previous  test,  or  5  to  10  kts  above  this  speed  initially  if  considered  prudent,  and  the  oritical 
engine  is  quickly  throttled  back.  If  possible  no  recovery  action  is  taken  for  2  seconds  or  until  20°  of 
bank  is  achieved  whichever  occurs  first.  The  2  second  time  delay  for  pilot  appreciation  plus  reaction 
is  rather  arbitrary,  being  based  on  experience,  and  is  sometimes  modified  if  not  considered  realistic  on 
a  particular  aircraft.  For  3ome  aircraft  conditions  it  may  not  be  possible  to  obtain  a  steady  speed  of 
the  order  required  using  a  practical  technique,  due  to  the  high  acceleration  (e.g.  at  low  altitude  in 
the  take-off  configuration.)  In  this  case,  a  further  final  check  would  be  made  failing  an  engine  on  an 
actual  take-off  at  the  highest  practical  wei^it  to  give  the  lowest  forward,  acceleration,  or  at  the 
lowest  practical  altitude  at  an  acceleration  appropriate  to  a  normal  take-off. 

During  the  recovery  manoeuvre  it  is  considered  acceptable  if,  by  not  using  excessive  skill,  height 
oan  be  maintained  without  exceeding  a  change  in  heading  in  excess  of  20°  or  the  attainment  of  an 
attitude  which  would  bo  dangerous  near  the  ground,  (e.g.  allowable  bank  angle  determined  by  possibility 
of  wing  tip  touching  the  ground) .  During  the  transient  manoeuvre  and  after  regaining  straight  steady 
flight,  the  rudder  force  should  not  exceed  the  order  of  180  lb  (Note:-  pilot  is  oapable  of  500  lb)  with 
an  aileron  control  force  of  about  35  lb  on  a  stick  or  50  lb  on  a  wheel.  After  regaining  straight  steady 
flight,  the  associated  angle  of  bank  should  not  exceed  5°  and  the  direction  of  flight  should  not  diverge 
by  more  than  10°  from  the  original  direction. 

Further  checks  may  subsequently  be  required  if  at  the  speed  chosen  these  requirements  are  over  met 
or  under  met. 

In  determining  a  minimum  safe  flight  speed  for  scheduling  to  the  operator  at  which  an  engine 
failure  can  be  controlled,  it  Ls  normal  to  factor  the  test  minimum  control  speed  by  1.1  (e.g.  safety 
speed  V2  t  1  .1  Vmca)  to  provide  a  reasonable  margin  over  the  real  critical  speed  in  addition  to  the 
hidden  safety  built  in  by  the  tests,  in  that  a  pilot  oan  physically  apply  the  order  of  500  to  600  lb 
foot  force  when  suitably  strapped  in  and  an  angle  of  bank  of  up  to  10°  oan  possibly  be  used  in  extreme 
oases.  The  extra  foot  force  will  of  course  be  of  no  help  if  full  rudder  is  obtained  with  the  180  lb 
used  in  testing  as  a  reasonable  value  that  oan  be  sustained  over  a  period  before  trimming  out  at  the 
safety  speed  Vg. 

4.  S.T.O.L.  HANDLING  TESTS 


There  are  no  laid-down  military  requirements  in  terms  of  numbers  in  the  United  Kingdom,  as  such  a 
large  number  of  parameters  must  be  specified  in  the  requirements  in  order  to  take  acoount  of  the 
particular  aircraft  characteristics  and  the  appropriate  operational  risk  aooeptable.  However,  to 
illustrate  the  tests  likely  to  be  required  and  the  standards  of  acceptability  used  in  the  United  Kingdom 
recently,  the  Andover  C.  Mk.  1  assessment  is  given  as  an  example. 

On  this  aircraft  because  of  the  large  variability  in  behaviour  obtained,  primarily  due  to 
differences  in  pilot  t. ehnique,  it  was  necessary  to  assess  critical  handling  aspect;  on  a  statistical 
basis  instead  of  the  more  normal  method  of  making  a  small  number  of  checks  at  limii  uig  conditions. 

h-.l  Description  of  Andover  C.  Mk.  1 


The  Hawker  Siddeley  Andover  C.  Mk.  1  (Fig.  1  and  Fig.  2)  is  a  taotioal  transport  designed  for  the 
carriage  of  passengers  or  freight,  airborne  and  air-landed  assault,  supply  dropping  and  aeromedioal 
evacuation.  The  normal  maximum  take-off  weight  is  50,000  lb.  It  was  developed  from  the  Avro  7UB 
transport  which  was  designed  to  civil  standards.  Brief  details  of  dimensions  and  loading  are  given  in 
Appendix  1 . 

The  basic  flying  controls  are  conventional,  being  a  mixture  of  geared  and  spring  tabs  manually 
operated.  The  flaps  are  Fowler  type,  but  for  flap  positions  in  exoess  of  22^°  an  additional  trailing- 
edge  tab  moves  downwards  to  modify  the  lift/drag  oharaoteristios  considerably  in  the  short  landing 
setting  of  30°  (Fig.  3).  No  spoilers  are  fitted.  The  settings  are:- 
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10° —  Normal  take-off  and  supply  dropping 
i  o 

22a  —  Normal  take-off  and  normal  landing 

27°  with  42°  tab —  Short  take-off  and  normal  landing 

30J  with  80°  tab —  Short  landing 

Tlie  aircraft  is  powered  by  two  Rolls-Royce  Dart  RDA  12  engines,  each  developing  a  nominal  maximum 
power  of  2930  propeller  shaft  horsepower  using  water  methanol  injection.  Using  the  normal  landing 
technique  the  flight  fine-pitch  stops  are  withdrawn  on  r.he  ground  and  the  resultant  fining  of  the  blades 
gives  an  increased  propeller  drag.  Reverse  thrust  may  be  selected  in  the  air  or  on  the  ground.,  but  when 
it  is  used  in  the  air  the  prior  selection  of  reverse  intent  results  in  a  higher  idling  rust  than  in 
the  normal  case. 

4.2  Handling  Requirements  Applied 
4.2.1  Seneral 


Ideally,  the  clearance  standard  should  be  tailored  to  the  acceptable  risk  of  a  partioular  operation. 
However,  in  the  absence  of  specific  guidance  from  the  operator  as  to  what  risk  is  aoceptable  for 
particular  operations  and  in  order  to  keep  the  clearance  as  simple  as  possible,  only  two  standards  of 
clearance  are  normally  recommended  by  A&AEE  for  this  type  of  aircraft.  One  standard  is  intended  to  give 
civil  safety  standards  for  normal  military  operations  in  passenger  or  freight  roles,  and  the  other  i3 
the  highest  risk  standard  considered  reasonable  for  a  partioular  role.  The  following  requirements  are 
for  the  highest  risk  standard  applied  to  the  Andover,  and  the  general  assumption  is  made  that  in  the 
worst  aircraft  loading  condition  the  chance  of  reaching  a  disastrous  situation  during  any  particular 
manoeuvre  should  not  exoeed  the  order  of  1  in  1000  occasions  (e.g.  if  there  is  only  one  critical 
parameter  and  a  normal  distribution  applies  then  a  margin  of  approximately  3  standard  deviations  is 
required  from  its  mean  value  to  its  limiting  value).  The  overall  aoeldent  rate  for  the  fleet  of 
aircraft  will  of  course  depend  on  how  often  the  aircraft  are  operated  at  an  aft  oentre  of  gravity  and 
if  there  are  any  other  significant  variables. 

4.2.2  Take-off 

(a)  The  chanoc  of  a  single  engine  failure  con  be  ignored  below  the  final  steady  climb  out  oondition. 

(b)  The  rotate  speed  and  unstick  teohnique  should  be  such  that  at  a  margin  of  at  least  3  standard 
deviations  of  incidence  is  available  from  the  average  condition  to  the  stall  in  the  worst  loading 
case.  (Aft  centre  of  gravity). 

(c)  The  lateral  control  should  be  adequate  in  cross  winds  of  the  order  of  15  kts.  Minimum  rate  of  roll 
about  10°/sec. 

(d)  In  the  average  take-off  case  in  calm  air,  the  stall  warning  should  not  operate  either  in  the  initial 
unstick  manoeuvre  or  in  the  initial  climb  out  (mid  centre  of  gravity).  Stall  warning  set  with 
approx  6°  incidence  or  7  kts  or  7,'  E.A.S.  or  I.A.S.  margin  from  power-off  stall. 

4*2.3  Landing 

(a)  On  the  final  approach^  the  chance  of  a  single  engine  failure  on  overshoot  con  be  ignored. 

(b)  The  lateral  control  should  be  adequate  in  cross  winds  of  the  order  of  15  kts.  Minimum  rate  of  roll 
about  10°/sec. 

(c)  The  flare  and  land  manoeuvre  should  be  such  that  a  margin  of  at  least  3  standard  deviations  of 
vertical  velocity  is  available  from  the  average  value  to  the  ultimate  design  value  in  the  worst 
loading  case  (forward  centre  of  gravity,  high  weight). 

4.3  Tests  Made 

4.3.1  Take-off 

In  order  to  [ii.rin.ise  scatter  in  behaviour,  the  Firm's  recommended  technique  was  to  apply  rapid  full 
back  stick  at  the  appropriate  rotate  3peed  (Vg  ~  0.93  V«*  power-off,  or  1  .0  Vs  with  35/-  wet  power  on). 
At  aft  centre  of  gravity  it  was  essential  to  apply  a  programmed  stick  input  1,1. e.  not  wait  foi’  clues 
from  the  aircraft's  actual  response  before  applying  forward  stick).  The  stick  input  shape  was  triangular 
in  this  case  (Fig.  4). 

For  maximum  effort  climb  out,  the  aim  wits  to  go  for  Vq  k  (Vp  +10  kts)  until  clear  of  obstacles 
(Vf.  ~  1.1  Vo  power-off  or  1.15  power  on.  V  =  85  kts  I.A.S.  At  40,000  lb  ‘JUW,  Vp  =  76  kts  I.A.S: 
an3  at  50,000  lb  AUW ,  Vc  =  89  kts). 

Tests  were  made  using  4  pilots,  varying  the  weight  and  centre  of  gravity  over  most  of  the  practical 
ranges  in  various  weather  conditions,  off  different  airfield  3Urfnces  in  the  United  Kingdom,  and  overseas 
to  ascertain  the  likely  variability  ir.  behaviour.  A  total  cf  175  S.T.O.L.  take-offs  were  made  with  85 
at  the  cri'.icul  aft  centre  of  gravity  position.  Not  all  of  these  tests  were  made  solely  for  handling 
checks  off  normal  runways  and  some  were  made  during  the  assessment  of  limiting  airfield  surfaces  in 
terms  of  softness  and  undulations. 
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Ir.  order  to  assess  the  risk  during  the  initial  take-off  manoeuvre,  incidence  was  measured  using  an 
A.D.D.  (Airstroam  Direction  Detector)  (Fig.  5), which  was  calibrated  during  the  trials  by  measuring  pitch 
attitude  by  an  internal  gyro  and  flight  path  Using  external  oameras.  V/ind  velocity  was  measured  using  a 
sensitive  anemometer  with  a  trace  recorder  on  the  ground  near  the  take-off  position. 

Fig.  6  shows  the  results  of  the  initial  tests  at  A&AEE  and, as  a  result  of  these  tests,  the  clearance 
was  restricted  to  oentre  of  gravity  positions  no  further  aft  than  the  mid  position.  The  plotted  is 
the  maximum  achieved  during  the  take-off  manoeuvre  and  is  based  on  the  basic  wing  area.  The  difference 
between  I.A.S.  and  E.A.S.  although  believed  to  be  small  is  difficult  to  measure  in  tills  condition. 
Consequently,  the  absolute  values  of  are  rather  dubious  and  the  main  intention  of  the  Figure  is  to 
show  the  maximum  values  of  the  incidence  achieved  at  the  different  centre  of  gravity  positions  in 
relation  to  the  stall  warning  and  the  probable  stall.  After  further  experience  however  with  a  more 
precise  technique,  the  statistics  were  improved;  it  was  found  that  at  ail;  oentre  of  gravity  with  an 

experienced  pilot,  the  mean  maximum  incidence  could  be  reduced  to  about  11°  with  a  standard  deviation  of 

about  1.2  ,  with  95,3  confidence,  thus  giving  the  order  of  15°  at  the  3  standard  deviation  level  (Fig.  7). 
(It  should  be  noted  that  in  all  the  Figures  where  standard  deviation  values  are  quoted  these  are  as 
measured  and  not  factored  for  a  given  confidence  level.)  It  was  apparent  from  the  results,  however, 
that  a  small  variation  in  technique  could  produce  a  considerable  increase  in  the  maximum  incidenoe 
achieved.  The  stall  warning  operated  in  the  range  11°  to  13°  and  hence  at  aft  centre  of  gravity  was  of 
some  nuisanoe  value  for  this  transient  manoeuvre,  where  the  aircraft  was  virtually  out  of  control 
depending  on  the  right  programmed  stiok  input  for  a  safe  return  to  the  olimb  out  incidence. 

As  the  stalling  incidence  was  estimated  to  be  of  the  order  of  18°,  the  revised  technique  wn3 
considered  acceptable  on  a  military  operational  necessity  basis.  Howe.er,  it  was  emphasised  in  Pilots 
Notes  that  the  safety  depended  primarily  on  pilot  training  and  that  the  training  must  include  experience 
at  aft  oentre  of  gravity  in  good  weather  conditions  before  real  operations,  especially  at  night. 

The  initial  climb  out  speed  (Vp  =  VR  +  10  kts)  was  considered  to  be  acceptable  only  in  calm  weather 

conditions  as  the  margin  to  the  stall  warning  was  of  the  order  of  3  kts.  In  turbulent  conditions,  in 
order  to  prevent  frequent  nuisance  operation  of  the  stall  warning  system  and  to  maintain  a  reasonable 
margin  from  the  stall,  it  was  considered  that  the  initial  climb  out  speed  should  be  increased.  On  the 
assumption  that  the  maximum  horizontal  gust  increment  does  not  often  exceed  0.6  x  the  mean  wind  strength, 
and  ignoring  aircraft  speed  response,  a  reasonable  increment  in  climb  speed  for  this  aircraft  is  now 
considered  to  be  0.5  x  the  mean  wind  strength. 


Mean  wind  strength  w 

10 

20 

30 

Gust  increment  0.6  w 

6 

12 

18 

Speed  increment  required  to 
prevent  stall  warning  (0.6  w  -  l) 

3 

9 

15 

(As  Vc  -  Vsw  =  3) 

Suggested  increment  i  w 

5 

10 

15 

Speed  increment  required  to 
prevent  stall  (0.6  w  -  10) 

2 

8 

(As  Vc  -  Vg  =  10) 

This  increment  In  speed  should  be  applied  irrespective  of  wind  direction  in  order  to  cover  lateral  a3 
well  as  longitudinal  control  problems. 

4.3.2  Landing 

The  Firm's  recommended  technique  was  to  make  the  final  approach  at  1 .2  x  power-off  stalling  speed 
using  the  V.S.I.  (Vertical  Speed  Indicator)  as  the  primary  indication  of  rate  of  descent,  flaring  on 
visual  clues  and  selecting  ground  fine  pitch  and  full  reverse  thrust  whilst  still  in  the  air  just  prior 
to  touch-down.  As  for  take-off,  tests  were  made  over  the  weight  and  centre  of  gravily  range  in  various 
weather  conditions,  onto  different  airfield  surfaces  in  the  United  Kingdom  arai  overseas.  During  the 
trials  off  a  normal  runway  surface,  120  landings  were  made  with  4  pilots  and  of  these  65  were  at  a 
forward  oentre  of  gravity  position,  which  was  considered  likely  to  be  the  most  critical  case  from 
handling  aspects  in  the  flare.  Some  of  these  tests  were  made  to  measure  performance  in  addition  to 
handling  qualities. 

In  order  to  assess  the  risk  during  the  final  landing  manoeuvre,  the  vertical  velocity  at  touch-down 
was  measured  and  readings  were  also  taken  of  undercarriage  loads  from  strain  gauges.  The  vertical 
velocity  was  measured  using  two  types  of  external  oameras,  undercarriage  closure  rate  and  an  internal 
aircraft  oamera  photographing  a  light  spot  projected  from  the  aircraft  onto  lie  ground.  It  was  found 
from  the  early  test  results  that  the  average  vertical  velocity  was  about  4.5  ft/sec  with  a  standard 
deviation  of  2.5  ft/sec  at  a  95>  confidence  level.  (Fig.  8).  From  later  tests  with  better  instrumenta¬ 
tion,  these  results  were  modified  to  a  mean  of  6,2  ft/sec  with  n  standard  deviation  of  2.1  ft/sec  at 
forward  centre  of  gravity.  Hence  at  the  la  level  the  vertical  velocity  would  be  (6.2  ■<  3  x  2.1 )  = 

12.5  ft/sec.  Because  operations  were  required  on  semi-prepared  surfaces  however,  it  wa3  considered  that 
a  further  allowance  for  a  mean  1  in  50  slope  should  be  taken  into  account,  which  is  equivalent  to  about 
2  ft/ sec  at  the  approach  speed  of  this  aircraft.  The  ultimate  strength  vertical  velocity  requirement 
for  the  undercarriage  was  therefore  14*5  ft/sec  and  the  aircraft  landing  weight  was  limited  to  the  value 
meeting  this  requirement;  i.e.  42,000  lb.  In  measuring  vertical  velocity  at  touch-down,  considerable 
differences  in  measurements  were  obtained  with  the  different  forms  of  instrumentation.  The  early  test 
results,  giving  a  low  mean  value  and  a  high  standard  deviation,  were  obtained  using  a  relatively  slow 
speed  external  camera  (2  fraraos/sec).  The  later  results  were  obtained  using  a  hi$ier  speed  camera 
(44  frames/soc)  and  the  light  spot  which  was  considered  to  be  the  best  method.  The  undercarriage 
initial  closure  speed  appeared  to  be  about  40/'  less  than  the  aircraft  vertical  velocity,  probably  due 
to  tyre  deflection. 
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In  judging  the  landing  manoeuvre  considerable  reliance  hn3  to  be  plaoed  on  the  V.S.I.  and,  as  the 
standard  pressure  instrument  fitted  was  subject  to  considerable  lag,  pilots  were  initially  reluctant  to 
maintain  a  steep  approach  near  to  the  ground  without  an  external  glide  path  aid  (Fig.  9).  It  was  found 
that,  after  training  using  a  glide  path  aid,  more  confidenoe  was  achieved  in  the  uae  of  the  V.S.I.  and 
steeper  approaches  were  achieved  more  consistently  without  an  external  aid.  It  was  considered  however 
that  whenever'  possible  an  external  glide  path  aid  should  always  be  used  to  assist  Judgement  of  rate  of 
descent.  An  upper  limit  was  plaoed  on  the  glide  path  angle  of  6°  and  a  rate  of  desoent  of  1000  ft/min. 
The  6°  would  give  an  average  rate  of  descent  of  about  900  ft/min  and  could  not  be  increased  greatly 
beoause  of  the  fairly  high  idling  thrust  associated  with  the  selection  of  the  reverse  thrust  faoility  in 
the  air.  Even  if  it  had  been  possible  to  inorease  the  approaoh  angle,  however,  pilots  were  not  happy  in 
judging  the  flare  with  rates  of  desoent  much  above  1000  ft/min  and  os  this  figure  allowed  some  use  in 
tail  winds  or  at  high  altitude  a  restriction  of  1000  ft/min  was  considered  reasonable. 

The  threshold  spaed  law  of  1 .2  Vg  was  adequate  for  flaring  in  oalm  air  and  over  most  of  the  oentre 
of  gravity  range;  but  at  extreme  foreanl  oentre  of  gravities,  only  obtainable  at  low  weight,  it  was 
necessary  to  limit  the  tlireshold  speed  to  a  constant  minimum  value  of  80  kts. 

For  adequate  lateral  and  pitohing  control  and  also  to  cover  the  chance  of  hitting  the  stall  due  to 
a  random  gust,  it  was  considered  that  the  threshold  speed  should  be  increased  in  turbulent  conditions. 

An  inorement  of  half  the  total  average  wind  present  is  now  considered  to  be  of  the  rigfat  order,  on 
similar  reasoning  to  that  given  for  the  climb  out  case. 

5.  GENERAL  PERFORMANCE  TESTS 


As  for  handling,  a  considerable  number  of  routine  measurements  would  be  made  to  clear  the  normal 
transport  role,  but  in  this  oo.se  none  of  these  tests  are  very  relevant  for  S.T.O.L.  operations  near  the 
ground  and  will  not  be  described. 

6.  S.T.O.L.  PERFORMANCE  TESTS 


In  order  to  illustrate  typioal  differences  in  performance  between  initial  estimates  and  that 
obtained  from  flight  tests,  and  the  sort  of  scatter  obtained  in  the  appropriate  environment  using  a 
praotioal  teohnique,  the  Andover  is  again  given  as  an  example. 

6.1  Take-off 


In  I.S.A.  conditions  the  average  distances  agreed  reasonably  well  with  predictions  at  hi$i  weights, 
but  in  tropioal  conditions  the  distances  achieved  were  considerably  longer  than  predictions  -  -  approx 
25#  on  ground  run  or  about  300  ft  (Fig.  10).  The  difference  between  the  techniques  indicated  in  Fig.  10 
was  not  in  stick  input  but  included  small  changes  in  rotate  and  climb-out  speed  and,  for  these  3moll 
changes  (order  of  5  kts),  the  effect  on  the  mean  overall  distances  was  small  at  these  limiting  flight 
conditions.  This  would  not  be  true  in  general  for  speeds  well  removed  from  the  minimum  practical 
values,  of  course,  and  the  distances  are  probably  more  nearly  proportional  to  V2  at  rather  higher 
speeds. 

There  appeared  to  be  two  effects,  firstly  the  slope  of  distance  against  weight  was  less  than 
predicted  and  seoondly  the  effect  of  temperature  was  more  than  predicted.  The  weight  effect  can 
possibly  be  explained  as  maximum  power  oould  not  be  applied  at  forward  speed  due  to  propeller 
limitations  and  consequently  a  ramp  input  of  power  was  applied  along  the  initial  part  of  the  ground  run. 
In  predictions  the  power  output  was  assumed  to  be  constant  and  the  errors  would  thus  be  expected  to  be 
more  at  light  weight  where  the  power  had  sometimes  not  stabilised  in  the  very  short  time  before  unstick 
(order  of  20  seos).  In  the  tropics,  however,  if  the  power  build  up  was  similar  the  tendenoy  would  have 
been  to  have  reduoed  the  effeot  of  temperature.  The  power  pattern  was  also  affected  by  the  use  of 
methanol  water,  however,  and  consequently  it  was  difficult  to  assess  the  overall  situation.  The 
stabilised  engine  performance  appeared  to  be  as  predicted  and,  as  engine  power  is  usually  the  main 
souroe  of  doubt  in  predicting  change  of  take-off  performance  with  temperature  or  altitude,  it  is 
difficult  to  explain  the  discrepancy  unless  transient  effects  were  significant. 

There  also  appeared  to  be  a  tendency  for  the  time  between  rotate  and  unstick  to  inorease  more  than 
would  be  expected,  possibly  due  to  the  lower  elevator  power  with  less  slipstream  effeot,  especially  at 
Nairobi  with  the  higher  altitude  and  lower  engine  power.  This  effeot  however  on  subsequent  checks  did 
not  appear  to  be  very  large  and  probably  not  more  than  one  second  (approximately  100  ft  in  distance). 

The  measured  standard  deviation  of  the  ground  run  was  1C#  and  on  the  air  di3tanoe  30#.  There  was 
however  considerable  variation  In  technique  during  the  airborne  phase  and,  although  pilots  were  briefed 
to  oarry  out  a  maximum  effort  manoeuvre  consistent  with  clearing  real  limiting  obstacles,  it  is  likely 
tnat  this  was  not  always  done  and  on  other  experience  the  soatter  in  the  presence  of  real  limiting 
obstacles  might  be  reduoed  considerably.  Generally  speaking,  for  most  conventional  aircraft  using 
normal  techniques,  the  standard  deviation  of  total  take-off  distance  to  the  screen  height  varies  from 
5  to  10#  and  as  expected  the  S.T.O.L.  technique  gives  a  higher  than  normal  soatter. 

6.2  Landing 

Considerable  variability  was  experienced  in  the  air  distances  measured  and  the  parameter  with  the 
most  marked  effeot  was  the  approaoh  angle  through  50  ft.  (See  Fig.  12). 

Using  the  V.S.I.  to  set  up  a  6°  approaoh  angle  without  glide  path  aid  experience  the  mean  angle  was 
/..5°  with  a  standard  deviation  of  1.1°  (h3  landings).  After  having  used  a  glide  path  aid,  or  when  using 
the  aid,  the  mean  angle  achieved  was  5.7°  with  a  standard  deviation  of  1.0°  (i*.1  landings);  see  Fig.  13. 

The  other  main  variable  affecting  the  air  distance  was  the  point  of  flare  initiation. 
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Overall  the  mean  air  distance  without  glide  path  aid  experience  wi.o  O5O  ft  with  a  standard 

deviation  of  25>"»  and  after  experience  with  an  aid,  71 0  ft  with  a  standard  d  aviation  of  1 5/J. 

Tests  were  also  made  at  R.A.E.  Bedford  using  a  water  barrier  to  simulate  u  real  obstacle  (l ) . 
Landings  were  made  using  4°,  6°  and  8°  glide  path  aiming  to  clear  the  50  l“t  barrier  by  15  ft.  In  order 

to  achieve  an  8°  glide  path,  reverse  thmst  was  not  selected  in  the  air,  thus  enabling  a  lower  idling 

thrust  to  be  used  but  of  oourse  increasing  the  total  air  distanoe  at  a  given  glide  path  angle. 

Three  types  of  approaoh  were  made:- 

(a)  No  barrier  but  a  bar  on  the  ground. 

(b)  With  borri  er  and  bar  on  the  ground. 

(0)  With  barrier  with  ring  and  bar  sight. 

Fig.  15  shows  the  performance  aohieved  in  terms  of  height  at  the  barrier,  and  Fig.  16  shows  the  distanoe 
to  touoh-down  from  the  barrier  for  the  three  glide  path  angles.  It  will  be  noted  that,  when  using  the 
barrier,  the  average  distanoe  to  touch-down  reduces  as  the  glide  path  angle  increases  without  any 
appreciable  ohange  in  the  scatter  for  the  small  sample  tested. 

In  I.S.A.  conditions  the  measured  average  ground  run  was  1 .01,  x  the  estimated  distance,  but  in  the 
tropics  the  factor  wa3  1.13.  The  only  variable  which  was  found  to  bo  possibly  significant  was  the  speed 
loss  during  the  flare  and,  although  there  was  u  very  big  scatter  in  this,  the  average  value  was  13  ft/3e0 
in  I.S.A.  and  7  ft/seo  in  the  tropics.  This  is  not  understood.  The  standard  deviation  of  ground  roll 
distanoe  was  1/a«.  At  a  giver,  approaoh  angle,  the  most  important  single  variable  affecting  total 
distanoe  to  stop  i3  likely  to  be  speed  at  the  soreen  height,  and  the  normal  standard  deviation  to  be 
expected  on  landing  distance  from  the  soreen  height  for  most  conventional  aircraft  varies  from  10  to  20jl. 
Using  a  glide  path  aid  the  results  are  in  the  middle  of  this  bracket  but  without  an  aid  are  likely  to  be 
at  the  high  end. 

6.3  Interpretation 

For  military  operational  necessity  type  of  operations  the  normal  method  of  presenting  the 
performance,  when  reduced  to  standard  conditions  of  zero  wind,  level  dry  runway  of  stated  surfaoe, 
appropriate  altitude  and  appropriate  temperature,  is  to  quote  the  average  achieved  by  AAAEE  pilots  using 
the  agreed  representative  technique  in  reasonably  good  weather  conditions  (measured  in  conditions  of 
under  10  kts  wind  strength)  and  to  give  guidance  on  the  operational  safety  faotor  that  should  be  applied 
to  cover  the  scatter. 

As  a  result  of  these  tests,  it  was  suggested  that  a  margin  of  3  x  the  standard  deviation  measured 
under  test  conditions  is  probably  reasonable  for  initial  operations.  This  means  that,  under  the  test 
conditions,  roughly  1  in  1000  oases  will  be  outside  the  factored  distances.  Only  experience  of  actual 
operations  will  of  course  show  whether  or  not  this  order  is  satisfactory  as  there  are  30  many  variables 
to  be  considered  for  the  real  case.  (Weather,  pilots,  different  airoraft,  training,  eneny  action, 
terrain,  deterioration  with  time,  etc.)  As  an  illustration  of  how  the  reoommended  faotors  could  be  used 
in  order  to  obtain  a  strip  longth.  Appendix  2  gives  examples  for  an  unobstructed  site  having  two  types 
of  surface  prior  to  the  main  strip. 

Results  from  Service  trials  so  far  have  given  similar  or  greater  scatter  than  obtained  during  the 
A&AEE  tests,  as  would  be  expected  with  the  larger  number  of  pilots  and  airoraft  and  loss  oertainty  on 
the  test  data. 

7.  CONCLUSIONS 


It  will  be  3een  from  the  test  results  on  the  Andover  that,  because  of  the  possible  large 
variability  in  behaviour,  then  from  both  handling  and  performance  safety  aspects  it  is  essential  to 
define  the  pilot  procedures  as  precisely  as  possible  and  to  emphasise  to  the  pilot  the  importance  of 
using  a  constant  prooedure.  This  applies  both  during  testing  and  when  promulgating  limitations  and 
procedures  to  the  operator. 

In  the  design  3tage  also,  there  is  little  point  in  spending  a  lot  of  time  on  detailed  optimisation 
if  the  finished  product  has  handling  and  performance  characteristics  which  are  very  dependent  on  pilot 
technique,  as  large  safety  faotors  will  have  to  bo  applied  in  both  these  areas  thus  reducing  or 
cancelling  altogether  any  design  advantage.  The  use  of  simulators  at  an  early  stage  may  give  some 
insight  into  tho  likely  variability  and  the  use  of  automatic  control  systems  in  the  actual  design  can 
possibly  help  to  minimise  the  problem. 

As  weather  conditions  have  such  a  large  effect  on  both  handling  and  performance,  the  best  possible 
means  of  continuous  wind  velocity  recording  should  be  used  during  testing. 

Take-off  and  landing  tests  should  if  possible  be  made  over  a  simulated  barrier  to  obtain  more 
realistic  performance  data  and,  if  sufficient  tests  cannot  be  made  during  the  clearance  trials  to 
establish  the  variability  with  reasonable  assurance,  then  further  data  should  be  obtained  from  the 
operator  from  specific  in-service  trials. 

A  glide  path  aid  should  be  used  wherever  possible  to  improve  the  consistency  of  touoh-down 
performance. 
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APPENDIX  1 


1.  WEICHTS 


ANDOVER  C.  MK.  1 

BASIC  DATA  RELEVANT  TO  THE  STOL  ROLE 


Maximum  take-off  weight 
wing  loading 

Maximum  landing  wei#it 
wing  loading 

2.  CENTRE  OF  &RAVTTY 
Aft  limit 
Forward  limit 

3.  WTNC 
Area 
Span 

Aspeot-ratio 

Section  root 
tip 

Standard  mean  chord 
Quarter-chord  sweep 
4*  FLAP 

Fowler  type  with  auxiliary  tab 
Area 

Span 

Mean  total  chord 
Flap  tab  chord/  total  flap  ohord 
5.  STALL  WARNING-  SYSTEM 

Safe-Flight  system  with  vanes  on  each  wing. 

0°  Flap 


50,000  lb 
60.2  lb/sq  ft 

I, 2,000  lb 
50.5  lb/sq  ft 

80"  0.36c 

57"  0.133c 

831  sq  ft 
98  ft  3  ins 

II. 6 

NACA  23018 
NACA  4412 

8.48  ft 

2.92° 

79*9  *q  ft  per  side, or  total  flap  araa  is 
19.2$  of  wing  area. 

27.7  ft  per  side  from  12$  to 
67$  semi-span. 

2.88  ft 
37.2$ 

The  system  operates  at  vane  forces  tabulated  below 
15  grammes 
15  grammes 
17  grammes 
1 9  grammes 
23  grammes 

the  warning  is  not  independent  of  (Jp  V^)  and 
(approx  2°). 


1  u  Flap 
22i°  Flap 
27°  Flap 
30°  Flap 

NOTE:  As  a  small  force  is  required  to  operate  the  vane 
consequently  the  stall  warning  margin  varies  over  the  weight  range 


APPENDIX  2 

SUGGESTED  STHIP  LENGM  REQUIREMENTS 


Tho  following  two  examples  show  how  the  required  strip  length  oan  be  estimated  for  the  particular 
case  whore  obstacles  in  the  undershoot  and  overshoot  are  not  orltioal.  The  same  prinoiples  oan  be 
appliod  to  oases  where  obstacles  are  oritioal. 

ASSUMPTIONS 

1  .  Firm  hard  surfaoe  with  similar  friotion  characteristics  to  dry  asphalt,  tarmao  or  ooncrete. 

2.  No  obstacles  in  undershoot  or  overshoot,  l.e.  any  approach  path  oan  be  used. 

3 .  Order  of  major  accident  rate  allowable  due  to  adverse  take-off  or  landing  performance  about  1  in 
1000  take-offs  or  landings  when  operating  at  the  limiting  conditions. 

Strip  A 

Undershooting  or  overshooting  will  produoe  a  major  aocident. 

(a)  Take-off  oase  (standard  deviation  of  ground  run  1 0pS) 

Allow  say  50  ft .  for  turn  at  end. 

Strip  length  •  1 .3  x  *  50  ft. 

(b)  Landing  oase  (Standard  deviation  of  ground  run  14$) 

(Standard  deviation  of  touoh-down  position  100  ft.) 

(Average  touoh-down  position  beyond  aiming  point  100  ft.) 


Undershoot 


/vi.  Average  touoh-down  position 

1 1  »  I 


200  ft 


Threshold 


Overshoot 


1  .6  x  basio  ground  run 


Touoh-down  aiming  point 


Strip  length  -  300  ft.  ♦  1.6  x 

The  factor  1 .6  allows  for  some  variability  in  touoh-down  position,  but  not  the  full  effeot  of 
oorabining  the  scatter  in  ground  run  with  the  scatter  in  touoh-down  position,  as  the  two  are  not 
completely  independent;  i.e.  short  touch-down  will  be  associated  with  high  speed  and  long  ground  run  in 
some  cases. 

The  factor  is  also  only  applicable  for  nominal  ground  runs  of  the  order  of  700  ft.  Any  large 
variations  from  thi3  will  require  a  modified  factor. 

St.  xp  B 

Undershoots  and  overshoots  can  be  permitted  in  say  1  in  20  operations  at  limiting  conditions;  e.g. 
surface  in  undershoot  and  overshoot  oan  be  Used  occasionally  without  serious  damage  for  distances  equal 
to  the  difference  between  the  lengths  of  Strip  A  and  Strip  B. 

(a)  Take-off  case 

Strip  length  »  1.2  x  basio\  +  50 

1  ^  \ ground  run  j 

(b)  Landing,  ease 

Strip  length  *  200  ft.  +1.4  x  /Avera6°  ba3io\  SEE  DIAGRAM  ON  NEXT  PAGE 

y  ground  run  J 

The  evidence  for  touch-down  position  and  variability  of  position  is  based  on  trials  on  the  Heroules 
C.  Mk.  1,  Argosy  C.  Mk.  1,  and  Andover  C.  Mk.  1,  when  attempting  to  touoh-down  at  the  beginning  of  a 
membrane.  The  average  touch-down  position  was  about  100  ft.  down  the  membrane  with  a  standard  deviation 
of  about  100  ft.  The  distribution  was  slightly  skew  with  the  shortest  touch-downs  not  more  than  100  ft. 
short  of  the  threshold  and  furthest  down  being  400  ft.  from  threshold. 


Average  touoh-doim  position 


IMUM  Cl  achieved  during  take-off  manoeuvre 


NUMBER 

OF 

OCCAS.ONS 

a 


Q  NEW  PILOT 

a 


X“I4  S  DECS 

<r-i  6 

DECS 

□ 

a  io  *2  i4  io  id 


MAXIMUM  INCIDENCE  c<  DECS 


Fiji. 7  Maximum  incidence  on  S.T.O.L.  lake  off  at  aft  centre  of  gravity 


NUMBER 

OF 

OCCASIONS 

n. 


0  2  4  6  fl  IO 

RATE  of  OESC'NT  AT  touch  down  v  ft/sec 


total  LANDINGS  N  -  37 
MEAN  V  ■  4-5  FT/SEC 
STANDARD  DEVIATION  &  * 


2-1  FT/SEC 


Kate  i)|’  descent  at  touchdown  lor  S.T.O.L.  landings.  Range  of  centre  of  gravity  position 


TAKE  OFF  GROUND  RUN  (FT)  AIR  DISTANCE  (FT)  TOTAL  DISTANCE  TO  SO'(F T) 


0IST4NCE  FROM  T/DOWN(FT)  AIR  DISTAKICE  (F"0  TOTAL  Dl  STANCE  FROM  SQ  (FT 


35POO  4Op0O  45,000  50p0C 

AIRCRAFT  WEIGHT  (LB) 


I  I  sh. -ii  I  !ihlin>j  |vrl.ii;n,mi\-  I  N  V  (  .’O' C.  5.000  H.  Comparison  of  tcsi  points  with  calculated  distances 


APPROACH  DISTANCE  SOFT  TO  T/DOWN  (FEET) 


AIMING  POINT  ONLY 
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T  A  I  KfliiA'r'T 


:  ; o ' ween  'asks  o:‘  A.  v  A.M.H.  I  Mi  li  t  .•  i  f.v  '  and  A.K.D.  fCivili 


\ . '  only  i  t  c*  !  in  ai  rv.'orthi  ness  aspects  'ml  generally  nit,  in  on 

>'i  fly  I  nr.  A.  v  are  i:.t  ores  •  o  I  in  both  n  i  rwor  t  hi  ness  and  opera' ional 

nn  :  •  •'ea  ranee  ’finis  n  no  !ono  iy  Ilyin;’-  nn  nircrat'l  at.  Boseombe  Town 

>:.  i . •:  iff'". 

!:.  •  •  nee'  i  on  i  ‘  n  '  no  bantling  measurements  made  at,  A.  «  A.H.K.,  unions 
.'noci  t'1.'"!  1  re  o  I  i*  i.'  not  normal  to  make  detailed  comparisons  between'  results 

nnniev"!  nr.  i  tneery  or  ’  .nr. el  testa.  The  results  are  in  the  main  assessed  a.-'niunt 
.•  ’  an  to  r  is  ■ aocep’al  ili’y  i  use  I  on  past  experience  and  or.  the  average  behaviour  and 
• :  >■>  Vi:-;  a:  ili'y  i"  •  ne  aLi'erat''  ur.  lei'  'os’  in  relation  to  its  particular  role. 


•  '  nn  ."in  -  V  Pe  r  to  ;’::.a  nc  u  factors  iii  Appendix  V  of  Paper  with.  D.C.A.k.  factors 

t  •  Is  iiffie.!’  '  >  compare  lirecil.v  as  t.he  philosophy  of  measurement,  of  the 
ra.rie  :i.  "a;.  is  :  i  t':'e  rent  ,  a:;!  allowance  is  made  for  additional  variables  such  an 
.■,v'  r'.r'faoe  a:,  i  .u.-'aele  clearance  in  the  D.C.A.R.  1'actorn. 

Musically  military  performance  lata  prese.ate  i  x  ti  an  0.1). M.  (Opera  tin/'  Data  Manual'1 
[■••presents  ’:.••  •■..••rage  achieve!  by  a  .-tool  Service  pilot  (as  measured  at  A.  &  A.K.K. 
in  !•.■:. -on  a:  Ly  .--on  i  onvi  ronmen  ta  1  conli  tior.sl  .  Because  of  the  need  for  the  Service  to 
vary  •■.••it'  opera'  io.ua l  risk,  it  is  left  to  the  operator  to  apply  an  appropriate 
.••if"',,'  ''ac'or  *e  cover  scatter  a.ni  variation  from  tills  average  standard  duo  to 
opera’ i  n.al  or  i.n-lifo  iifferet.ces  from  the  test  conditions.  Specification  performance 
in  normally  : ase  1  on  'he  A.  4  A.H.K.  unfactored  average  standard.  In  the  case  of 
perf  -'ta: .ce  measure  I  by  firms  foi'  incorporation  in  Civil  Plic'h t  Manuals  wiien  suitably 
fac  ’  ore  i  by  ’  ne  fixes  mari  la  lory  t'actors  it  is  usual  to  apply  considerable  effort  to 
p i">  i ace  i r. l:ua  1  lis'a:.ces  consistent  with  the  defined  technique,  and  on  some  occasions 
•bin  ’eei.nipie  will  re  piire  more  than  the  usual  standard  achieved  in  the  Service 
unless  specific  a"e!i'ioii  in  drawn  *  o  this  aspect. 

Removing  ’he  fac*' or  in  B.C.A.K.'s  for  the  effect  of  a  wet.  surface  on  ground  roll, 
’h"  re  piire!  runway  len.'*1!’.  based  on  landing  performance  would  lie  about  uouble  using 
'•.’.A.;  .  factors  a.a  I  performance  measurements  compared  with  the  military  standard  and 
far”  or:'  riven  in  Appendix  A  (Atrip  A)  for  the  Andover  at  a  weight  of  4B00C  11. 


■s'  i "light  I'-itii  Co.atrol 

conven' ional  aircraft  it  is  normal  to  fly  the  flight  path  on  the  elevator  and 
’D  eon’ rol  npee I  using  the  throttle.  This  system  appears  to  give  generally  the  best 
ovoraJ 1  con’ rol,  bat  particular  aircraft  and  systems  must  be  assessed  theoretically 
a.-.  I  preforal  1."  on  a  simulator  to  check  the  optimum  technique. 


■1 .  i ossicle  Han  ili.ug  Improvements 

i'o  re  luce  air  ii."a>.ce  scatter',  then  in  addition  to  using  external  glide  path 
-■.Linr.'O,  it  .o.t:  :e  oossi!  le  to  fly  straight  in  but  one  would  have  to  consider  the 
Aoi  .-••,*  penal';:  wi’h  •’ roarer  in  lercarriage  apart  from  possible  passenger  discomfort 
aspec’s.  Ha  ii  >  1 1’  imo'er  call- out  or  HUD  presentation  could  be  used  to  rive  pilot 
:  .‘"or  in  lien’  ion  s'  orecise  fl  tre  height.  A  large  part  of  the  scatter  on  the  total 
j  : . ;  t  ar.L'e  •  ■>  a:.:  from  the  scree-,  height  is  lue  to  speed  variability  and  this  could 
pm  a:  I,,-  :  e  wi’h  at.  si  to-  ti.ro  t,  tie  system.  Complete  auto-pilot  system  may 

•:•.■•>  "■>••••  pro  •;.:••  e  rol  of  take-off  manoeuvre  hut  could  be  worse  from  a  la:. ling 

p  or'  vie-..  similar  systems  to  those  at  present,  iii  use.  Director  is  no 

-..->•  An :  :>ve  r  'ype  situation,  as  manoeuvre  is  too  rapid,  but.  could  be  of  use  for 

.  ;  -i of  manoeuvre. 

•  :  ."a.'CC'  f-ic'o,"  of  I.1  in  ft  rip  a  haiiling  Case 

cove-;'  *  oac.n- iovr.  variability  combine!  with  variability  in  ground  stopping 

:  : .: '  a  nee  . 
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0  .  Pilot  Technique  Aspects  A  ffect  ing  Performance  Factors 

Includes  any  complex  technique  demanding  a  high  decree  of  training’  to  ensure 
repeatability;  the  pilot  should  riot  be  required  to  make  selections  during  a  very 
short  time  take-off  run  without  very  precise  information  on  when  to  make  selections 
(e.g.  deflecting  flaps  or  nozzles),  or  make  rapid  manoeuvres  without  the  ability  to 
monitor  the  effect  of  his  inputs  continuously .  Also,  judgement  aspects  with  in¬ 
adequate  visual  or  other  references;  (e.g.  approach  path  assessed  without  external 
glide  path,  flare  height  without  accurate  height  information,  etc). 


7 .  Instrument  1  reservation  of  Glide  Path,  e.g.  On  Head-up  Display 

The  glide  path  could  be  given  to  the  pilot  on  instrument  presentation,  possibly 
by  measuring  ground  speed  and  vertical  velocity;  but  this  is  more  complex  than  with 
an  external  aid  because  of  wind  effects  and  extra  head  down  or  up  instrument  required. 
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SUMMARY 


In  Part  1,  interface  problems  between  engine  and  airframe  associated  with  the  achievement  of  Bhort 
field  performance  are  described.  Civil  and  military  aircraft  are  treated  with  the  main  emphasis  on 
civil  STOL.  A  range  of  possible  lift  augmentation  de\  ices  is  considered,  and  their  effect  on  engine 
design  is  shown.  The  associated  problems  of  noise  and  performance  are  also  considered. 

In  Part  3.  ,  optimum  engine  designs  and  their  particular  characteristics  for  various  systems  are 
then  described  in  some  detail. 
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PART  1:-  INTERFACE  PROBLEMS  BETWEEN  ENGINE  AND  AIRFRAME 


by  J.  HOOPER 


1.  INTRODUCTION 


This  paper  is  divided  into  two  parte . 

Part  I  considers  the  interface  problems  between  engine  and  airframe  associated  with  the  achievement 
of  short  field  performance.  Civil  and  military  airoraft  are  treated,  but  the  main  emphasis  is  on  civil 
S.T.O.L. 


Current  civil  S.T.O.L.  requirements  are  considered,  and  the  need  for  some  form  of  engine  powered 
lift  augmentation  device  is  demonstrated.  Lift  augmentation  devices  are  treated  in  a  fairly  wide 
meaning  of  the  term,  in  the  sense  of  any  means  of  providing  more  lift  ranging  from  blown  flaps  to  direot 
jet  lift.  Various  possibilities  of  providing  engine  power  for  lift  augmentation  are  considered. 
Propulsion  and  lift  may  be  provided  by  a  single  multi  pie -function  power  unit,  or  by  separate  propulsion 
and  lift  units.  The  minimum  safe  number  of  engines,  and  of  oourse,  minimum  number  of  types  of  engine 
must  clearly  be  a  design  aim.  The  problem  is  therefore  approached  by  first  considering  the  propulsion 
engine,  optimised  for  S.T.O.L.  from  the  point  of  view  of  performance  and  noise  considerations.  The 
compatibility  of  this  engine  with  the  demands  imposed  by  forms  of  lift  augmentation  systems  such  as 
external  and  internal -blown  flaps  is  then  considered.  Having  thus  investigated  the  possibility  of  a 
multiple  function  engine,  other  systems  such  as  separate  engine  blowing  units  and  separate  lift  engines 
are  considered.  The  results  of  this  analysis  lead  to  four  separately  identifiable  engine/ airframa 
combinations,  and  the  establishment  of  oertsin  basic  engine  design  criteria. 

Military  aircraft  requirements  are  treated  fairly  briefly,  following  much  the  same  approach. 

Part  II  of  the  paper  considers  the  effect  of  the  design  criteria  established  in  Part  I  on  the 
thermodynamics  of  the  engine,  and  describee  various  engine  solutions  appropriate  to  the  engine/airframe 
combinations  arrived  at  in  Part  I.  Multiple  function  powerplants  are  described,  and  the  penalties 
associated  with  non-optimum  designs  compromised  for  special  purposes  are  shown.  Single  funotion  power- 
plants  are  then  considered,  and  engines  optimised  for  propulsion,  direot  lift  and  blowing  air  supply  are 
desoribed  in  detail. 

2.  CIVIL  S.T.O.L. 

2.1  Baslo  Requirements 

Because  of  increasing  air  and  ground  congestion,  particularly  in  the  United  States,  increasing 
attention  is  being  paid  to  the  possibilities  of  V/STOL.  This  has  led  in  both  the  U.K.  and  Germany  to 
government  issued  requirements  for  V.T.O.L.  In  the  U.S.  where  the  problem  is  much  more  pressing  than  in 
Europe,  the  emphasis  has  been  placed  on  S.T.O.L. 

Eastern  Airlines,  a  major  U.S.  oarrier  that  operates  in  the  NE  Corridor  area  issued  a  draft 
specification  in  mid-1969  for  a  STOL  aircraft.  Most  major  airframe  companies  responded  with  design 
proposals.  Rolls  Royoe  engines  were  included  in  these  proposals,  and  a  separata  RR  response  was  also 
made.  The  results  of  Eastern's  analysis  of  these  proposals  are  expected  to  be  made  public  to  the 
participants  within  the  next  month  or  so. 

The  baslo  Eastern  STOL  airoraft  requirement  ia  shown  in  Fig.  1 . 

The  main  points  to  note  which  are  significant  in  this  context,  are  the  1500  ft.  field  length  and 
the  95  PNdB  noiae  requirement.  These  two  items  provide  the  main  technical  difficulty  in  the 
requirement. 

2.2  Field  Performance 


In  order  to  understand  the  demands  likely  to  be  made  on  the  engine,  it  ia  first  necessary  to 
oonsider  STOL  field  performance. 

Some  possible  lift  augmentation  devioes  are  shown  in  Figs.  2  and  3*  Fig.  2  shows  aerodynamic  lift 
systems  representative  of  the  three  main  types,  namely  mechanical  flap,  internal -blown  flap,  and 
external -blown  flaps.  Fig.  3  shows  two  representative  direct  lift  systems,  characterised  by  vectored 
thrust  and.  lift  fan. 

Fig.  A  shows  F.A.R.  take-off  distance  versus  thrust/weigit  ratio  for  these  various  systems. 
Internal  or  external  blown  flap  systems  require  a  total,  installed  thrust/wei^t  ratio  of  up  to  0.55, 
meohanioal  flaps  with  thrust  vectoring  a  thruat/welght  ratio  of  0,57,  and  meohanieal  flaps  and  lift 
engines  a  total  Installed  thrusl/*ri$vt  ratio  of  approximately  0.62. 

Fig.  5  shows  landing  performance ,  This  figure  shows  that  landing  performance  rather  than  take-off 
is  oritioal.  It  is  not  possible  to  achieve  1500  ft.  landing  field  length  with  mechanioal  flaps  alone. 

Fig,  6  illustrates  this  more  dearly,  showing  that  the  shortest  practicable  field  length  available 
with  mechanioal  flaps  is  of  the  order  of  2000  ft.  plus.  To  achieve  shorter  field  lengths  than  this, 
some  form  of  engine  augmented  lift  is  necessary. 


Figs.  4-6  assume  an  initial  aircraft  take-off  wing  loading  of  70  lb/ft2  as  being  compatible  with 
acceptable  ride  characteristics. 

It  is  concluded  that  additional  lift  must  be  supplied  other  than  that  available  from  conventional 
aerodynamio  means  in  order  to  aohisve  1500  ft.  field  length.  Hie  energy  required  to  produoe  this  lift 
must  be  generated  by  some  type  of  engine  system.  Hiis  may  tales  the  form  of  high  presoure  air  for 
internal  flap  blowing,  engine  exhaust  air  for  external  flap  blowing,  or  a  direct  lift  thrust  input. 

2.3  How  is  this  Additional  Lift  Obtained.  From  the  Engines  and  how  is  the  Propulslon^tlnit^Affeoted 
There  are  various  possibilities,  of  whioli  the  following  are  considered: 

(a)  Bleeding  IIP,  IP  or  LP  air.  ) 

(b)  High  mass  flow  engine  exhaust.  )  Propulsion 

(  Engine . 

(c)  Veotored  thrust.  ) 

(d)  Separate  bleed  engine. 

(e)  Separate  lift  engine. 

Items  (d)  and  (o)  do  not  signifioantly  affect:  the  propulsion  engine;  in  the  next  sub-aeotlon  2.4 
therefore,  only  (a)  (b)  and  (c)  are  considered. 

2.4  The  STOL  Propulsion  Engine 

In  ooneidering  the  propulsion  engine  it  is  not  sufficient  to  oonsider  performance  alone;  noise  is 
of  equal  if  not  greater  importance.  In  this  section,  the  ability  of  the  conventional  engine  design  to 
supply  flap  blowing  air  is  oompared  with  the  capabilities  of  propulsion  engines  designed  (a)  for  optimum 
performance  and  (b)  for  minimum  noise. 

2.4.1  Blowing  Air  Supply  Capability 

It  is  first  necessary  to  oonsider  how  much  bleed  air  is  likely  to  be  required.  Fig.  7  shows  a 
typical  curve  of  C|i*  against  Ac^.  The  actual  value  of  ACj,  for  a  particular  value  of  Cm  will  obviously 
vary  according  to  the  particular  flap  configuration  etc.  The  band  of  C^  shown  on  the  Figure  is  taken  to 
be  representative  of  that  required  to  achieve  the  Cl  neoesseiy  for  1500  ft.  field  performance.  Clearly 
there  is  a  possible  trade-off  between  mass  flow  and  pressure  ratio  in  order  to  aohieve  a  desired  mV. 

Fig.  8  shows  an  important  consideration  which  must  always  bb  borne  in  mind  when  considering  pressure 
ratio,  namely  the  wing  volume  which  will  be  taken  up  by  duotlng. 

Fig.  9  shows  the  areas  from  which  bleed  air  is  typically  extracted  and  the  order  of  pressure  ratio 
and  temperature  likely  to  be  enoountered. 

Fig.  Id  shows  the  approximate  limits  of  bleed  air  whioh  may  be  taken  and  the  effeot  on  thrust  for  a 
bypass-ratio  3  engine.  The  gas  generator  oannot  in  goneral  supply  more  than  about  1 5%  of  its  total  flow, 
either  IP  or  HP  blsed.  It  is  possible  to  rematch  the  engine  to  take  up  to  about  25/»  IP  bleed  at  the 
expense  of  some  performance  penalty.  There  is  no  effeotlve  limit  to  the  amount  of  bypass  air  whioh  oan 
be  taken.  However,  low  pressure  ratio  bypass  air  may  be  a  problem  at  high  X,s.  Thla  question  is  dealt 
with  more  fully  in  Part  II  of  the  paper. 

Fig.  11  shows  the  maximum  bleed  flow  available  from  the  engine  for  a  range  of  bypass  ratios, 
oompared  with  the  flow  required  as  shown  previously  in  Fig.  7.  This  Figure  assume*  a  fixed  overall 
thrust  (including  bleed  thrust)  at  0.7  unstiok  speed.  It  la  dear  that  conventional  engines  of  bypass 
ratio  of  3  or  above  are  unable  to  supply  sufficient  high  pressure  air  from  IP  or  HP  compressor*.  Only 
bypass  air  oan  be  used. 

Turning  now  to  externally-blown  flaps,  higher  bypass-ratio  is  clearly  advantageous  in  lowering 
exhaust  gas  velooities  and  temperatures  on  the  flaps.  Pig.  12  shows  Jet  core  temperatures  versus  X  for 
a  flap  12  ft.  from  the  jet  nozrle.  Below  a  bypass-ratio  of  9  approximately,  a  steel  flap  structure  is 
probably  required,  with  consequent  weight  penalty. 

The  conclusion  reached  is  therefore  that,  for  internal  flap  blowing,  sufficient  HP  or  IP  bleed  is 
only  available  up  to  bypass-ratio  3  or  so.  Bleed  is  unrestricted  from  the  IP.  For  external  flap 
blowing,  bypass-ratios  of  above  9  are  desirable . 

2.4.2  Engine  Optimised  for  STOL  from  Performance  Considerations 

This  section  considers  a  propulsion  engine  optimised  for  STOL  solely  from  the  point  of  view  of 
providing  minimum  aircraft  take-off  weight  and  diroot  operating  costs.  For  the  purposes  of  arriving  at 
representative  weights  in  the  study,  it  is  assumed  that  lift  augmentation  is  provided  Ly  internally- 
blown  flaps  supplied  with  air  by  separate  blowing  engines.  Hius,  propulsion  engine  design  is  not 
compromised  by  flap  blowing  considerations.  Fig.  13  shows  ihe  typioal  flight  profile  assumed  for  STOL 
operation  in  this  study.  Pig.  14  shows  a  typioal  STOL  aircraft  design  as  used  in  this  study. 


0^  =  —  where  M  =  blowing  mass  flow,  V  =  expanded  Jet  velooity  at  blowing  slot, 

9s  q  =  dynamic  pressure,  S  =  Cross  wing  area 
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STOL  aircraft  will  tend  to  be  more  expensive  to  operate  than  CTOL  aircraft.  Therefore,  achievement 
of  minimum  possible  direct  operating  oosts  is  of  great  importance. 

Pig.  15  shows  the  optimum  oruise  speed  for  minimum  direct  operating  oosta  plotted  against  stage 
length.  Sensitivity  is  also  shown.  This  Figure  was  obtained  by  designing  a  series  of  aircraft  at  eaoh 
stage  length  for  the  speed  range  shown,  end  then  calculating  direot  operating  oosts.  For  STOL 
operations  the  main  stage-length  is  likely  to  he  of  the  order  of  200  nm  with  some  routes  up  to  500  nm. 
This  is  typioal  of  both  the  U.S.  and  U.K.  A  oruise  spaed  of  0.72  is  therefore  considered  to  be  a 
reasonable  compromise  for  STOL  operation  for  minimum  D.O.C. 

Fig.  16  shows  the  ratio  of  take-off  to  oruise  thrust  required  for  1500  ft.  and  2000  ft.  field 
length,  and  the  way  in  which  the  ratio  available  from  the  engine  varies  with  bypass-ratio.  A  cruise 
height  of  25.000  ft.  is  assumed.  The  engine  ratio  is  shown  as  a  band  rather  than  a  line,  beoause  the 
choice  of  engine  T.B.T.  can  affect  this  ratio.  For  optimum  thrust  match  for  1500  ft.  STOL  and  0.72  M 
oruise,  bypass-ratio  should  clearly  be  of  the  order  of  9  to  12.  Bypass-ratio  will  reduoe  if  increased 
oruise  speed  is  required. 

Fig.  17  shows  the  variation  of  sfo  with  bypass-ratio,  both  bare  engine  and  installed  (including  a 
faotor  of  1.5  for  alrcrrft  installation  affeots).  Fuel  carried  is  approximately  137?  of  aircraft  T.O.W. 
Fig.  18  shows  the  overall  result  in  terms  of  relative  take-off  weight  and  relative  direct  operating 
oosts  versus  bypass-ratio,  for  an  aircraft  designed  to  fulfill  the  $CQ  nm  stage-length  Eastern  mission. 
Again  bypass-ratios  between  9  and  12  are  indicated  for  minimum  take-off  weight  and  direot  operating 
oosts.  No  great  sensitivity  to  bypass-ratio  is  shown,  there  being  only  some  2j$  difference  in  D.O.C. 
between  X  «  6  and  X  =  10. 

It  is  therefore  concluded  that  performance  considerations  indicate  a  bypass-ratio  of  between  9  and 
12  for  minimum  diraot  operating  oosts.  However,  D.O.C. 's  are  relatively  insensitive  to  bypass-ratio  in 
the  region  X  a  4  to  12.. 


ine  Optimised  for  Minimum  Noise 


Noise  is  beooming  increasingly  important  in  dictating  engine  design.  The  community  in  general  is 
beginning  to  reaot  against  all  forms  of  pollution  of  the  environment  -  to  whioh  noise  is  a  significant 
contributor.  In  the  oase  of  oivil  vehlolei  designed  for  STOL  or  VTOL,  whioh  by  implication  will  operate 
inside  or  vexy  close  to  densely  populated  areas,  it  is  of  over-riding  significance.  This  is  reflected 
in  the  target  noiso  levels  proposed  by  various  bodies  for  V/STOL  oompared  with  conventional  alroraft. 


Fig.  19  shows  target  noiae  levels  for  CTOL  and  STOL  aircraft.  The  CTOL  levels  shown  are  the  latest 
U.S.  Unilateral  Regulations  (FAA  Dooumsnt  Docket  9337,  Nov.  3rd.  1969)  and  are  referred  to  a  1000  ft. 
sideline  distance  for  comparative  purposes.  The  STOL  level  is  a  tentative  FAA  proposal;  Eastern  suggest 
this  level  at  500  ft.  sideline.  The  main  point  to  note  is  that  the  proposed  STOL  noise  levels  mean,  in 
simple  terms,  about  half  the  annoyance  noise  level  of  the  CTOL.  Since  many  present  aircraft  are  above 
the  CTOL  levels  shown,  the  magnitude  of  the  step  forward  in  technology  that  is  required  oan  be 
appreciated.  This  seotion  gives  a  very  simplified  description  of  some  of  the  noise  reduction  methods 
possible . 


In  order  to  understand  the  problem  of  engine  noise  reduotion  it  is  first  neoessary  to  identify  the 
main  souroe  of  noise.  Fig.  20  shows  noise  aouroes  for  a  turbojet  and  high  bypass-ratio  turbofan  engine. 
The  main  aouroes  of  noise  In  the  turbofan  are  the  fan,  the  turbine,  and  the  jet  exhaust.  Fig.  21  shows 
the  variation  with  bypass-ratio  of  the  noise  produced  by  these  sources  for  a  rspresentative  range  of 
engine  designs. 

The  present  state  of  art  is  such  that  turbine  noise  production  is  imperfectly  understood  and  is 
therefore  diffioult  to  silence  for  that  reason.  Jet  silenolng  other  than  by  reductions  in  Jet  velocity 
is  diffioult  if  only  because  of  the  gas  temperatures  encountered.  Rds  leaves  the  fan  noise  as  the  most 
amenable  to  treatment  at  the  present  time.  In  designing  for  minimum  noise  there  are  many  faotors  whioh 
must  be  oonsidered.  There  are  for  example,  design  considerations  suoh  as  rotor/stator  spacing,  blade 
chord,  tip  speed  and  number  of  fan  stages  as  shown  in  Fig,  22. 

Fig.  23  is  very  important  in  its  influence  on  STOL  engine  design.  This  shows  jet  velocity  versus 
noise,  with  turbine  and  fan  noise  levels  superimposed.  It  is  clear  from  this  Figure,  making  allowance 
for  possible  improvements  in  fan  and  turbine  noise  attenuation,  that  Jet  velocities  of  less  than 
900  fl/aeo  should  be  aimed  for.  This  ensures  that  the  noise  source  probably  least  amenable  to  treatment 
is  under  control.  The  fan  noise  is  left  dominant  and  this  oan  then  be  reduoed  by  using  noise 
attenuating  linings  in  the  areas  as  shown  in  Fig.  24.  The  aim  is  thus  to  obtain  a  balanced  minimum 
noise  solution.  Typical  noise  contributions  of  the  three  main  sources  and  the  effeot  of  noise 
attenuation  is  shown  in  Fig.  25  for  a  high  X  engine. 

Fig.  26  shows  the  effeot  of  bypass-ratio  on  1000  ft.  sideline  noiae  for  both  unsilencod  and 
silenoed  engines.  This  Figure  assumes  present  day  technology  in  noise  attenuation,  and  shows  little 
difference  in  noise  between  X  ■  6  and  X  =  12.  However,  there  are  believed  to  be  possibilities  of  further 
improvements  in  state  of  art  of  fan  attenuating  materials,  having  an  effeot  as  indicated  by  the  tentative 
dotted  lines  shown  in  Fig.  26  and  showing  ths  possibility  of  perhaps  a  further  5  PNdB  reduotion  in  noise 
at  X  .  10  to  12. 


Since  at  present  it  is  exceedingly  difficult  to  meet  target  STOL  noise  levels,  this  is  of 
considerable  significance.  The  conclusion  is  therefore  drawn  that  the  optimum  bypass-ratio  for  minimum 
noise  is  of  the  order  of  10  to  12. 
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2.4.4  Thrust  Vectoring 

Thrust  veotoring  will  be  mentioned  only  briefly  here,  since  it  is  discussed  more  fully  in  Part  11 
of  the  paper  widen  deals  with  some  of  the  detailed  engine  problem  areas.  As  bypass-ratio  is  increased, 
fan  pressure  ratios  deorease  in  order  to  maintain  the  optimum  thermodynamic  cycle.  This  in  turn  means 
that  duct  losses  beoome  much  more  important,  and  results  in  significant  increases  in  cruise  sfc  due  to 
nozsle  losses  as  bypass-ratio  is  increased.  In  addition  notale  sites  tend  to  beoome  very  unwieldy,  and 
oan  give  rise  to  significant  drag  and  wei^it  penalities. 

For  bypass-ratios  of  the  order  of  10  or  12  therefore,  thrust  veotoring  does  not  at  present  appear 
to  be  a  very  attraotive  solution. 

2.4.5  Optimum  Propulsion  Engine  for  STOL 

Bringing  the  conclusions  of  2.4.1  ,  2.1.2,  2.1.3  and  2.4*1  together  therefore  gives  the  following 
results . 

For  a  minimum  noise  and  best  operating  economics  the  propulsion  engine  should  have  a  bypass-ratio 
between  10  and  12.  To  minimise  installation  problems  this  should  clearly  be  biased  towards  10  rather 
than  12. 

If  bleed  air  is  required  from  the  propulsion  engine,  only  IP  air  is  likely  to  be  available  in  the 
quantities  required.  Because  fan  pressure  ratio  is  fairly  low  (Fan  P.R.il  .5  at  these  high  bypass-ratios 
for  optimum  thermodynamic  efficiency),  some  compromise  in  engine  design  and  effioiency  will  he  neoessary 
to  provide  the  bleed  pressure  ratios  of  the  order  of  2.5  or  more  which  are  likely  to  be  required.  This 
is  disouased  more  fully  in  Part  II  of  the  paper. 

Gas  generator  exhaust  vslooities  must  be  kept  below  900  ft/seo. 

2.6  Lift  Engines 

Lift  engine  requirements  are  fairly  clear  and  oan  be  stated  much  more  simply.  They  should  be  as 
high  a  thrust/weight  ratio  as  possible,  have  low  specific  fuel  consumption,  and  have  noise  levels 
compatible  with  the  requirements  specified  above.  Most  people  will  be  familiar  with  the  Rolls  Royce 
RB  202  lift  fan  engine  which  is  designed  to  fulfill  these  requirements,  and  it  is  described  more  fully 
in  Part  II  of  this  paper.  In  essence  it  is  very  similar  to  the  propulsion  concept  described  above,  in 
that  it  has  a  bypass-ratio  of  about  10,  a  single-stage  fan,  and  low  exhaust  velocity.  Because  of  the 
emphasis  on  thrust/wei^it  ratio  it  has,  however,  a  muoh  lower  pressure  ratio. 

2.7  Blowing  Engines 

Blowing  engine  requirements  are  as  for  lift  engines  in  terms  of  high  thrust/weight  ratios,  low  sfc 
and  low  noise  levels.  They  should  also,  however,  provide  air  at  a  pressure  ratio  consistent  with  a 
reasonable  duot  sise  i.e.  PR  =  2.5+. 

2.8  Possible  STOL  engine/ airframe  Combinations 

From  the  above  considerations  it  is  possible  to  rationalise  four  types  of  engine  (derived  from 
three  basio  types)  which  in  oorrect  combination  would  provide  the  STOL  solution. 

These  are  shown  in  Fig.  27. 

(1)  Single  Function  propulsion  unit  optimised  for  performance  and  minimum  noise. 

(2)  Multi-function  unit  compromised  to  provide  LP  bleed  air  as  well  as  propulsion. 

(3)  Single  function  optimised  lift  unit. 

(4)  Single  function  optimised  blowing  air  supply  unit. 

Possible  engine/airframe  combinations  (with  the  minimum  safe  number  of  engines  quoted)  are  then  as 
shown  in  Figs.  29  to  32 » 

1  .  External -blown  flap  using  4  optimised  propulsion  engines. 

2.  Internal -blown  flap 

using  (a)  2  optimised  propulsion  and  2  separate  blowing  units, 
or  (b)  4  multiple  function  propulsion  units. 

3.  Fan  lift  aircraft  using  2  optimised  propulsion  and  4  optimised  lift  engines. 

3.  MILITARY  STOL 

3.1  Introduction 


Military  STOL  will  be  mentioned  only  very  briefly  since  problems  of  national  seourlty  intrude  when 
discussing  military  aircraft.  On  the  subject  of  transport  airoraft  present  indications  are  that  any 
military  STOL  vehicle  is  likely  to  be  a  derivative  of  a  civil  machine.  The  oomments  given  above  on 
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oivil  airoraft  therefore  apply.  Combat  airoraft  will  be  treated,  very  superficially.  At  the  present 
time  noise  considerations  are  not  important,  performance  being  the  main  consideration,  so  that  nary 
constraints  affecting  civil  STOL  no  longer  apply. 

3.2  Combat  Airoraft  Field  Performance 

Following  the  approach  used  in  oivil  STOL,  Fig.  28  shows  the  areas  in  which  engine  powered  lift 
augmentation  is  required,  for  fixed  wing  and  variable  geometry  airoraft.  This  shows  that,  down  to 
roughly  1000  ft.  ground  run,  the  average  fighter  can  be  served  fairly  adequately  by  meohanioal  devices. 
The  apparent  difference  between  this  result  and  the  civil  STOL  results  is  due  entirely  to  the  different 
rules  of  operation  and  safety  factors  involved  between  civil  and  military  operation.  There  has  been 
little  pressure  to  reduce  these  distances  in  conventional  fighters,  probably  because  the  higi  installed 
thrust/weight  ratios  of  around  0,8  to  1,0  now  common  in  advanced  designs  give  a  fairly  balanoed  T.O./ 
landing  field  performance  of  around  1000  ft.  ground  run. 

Eeoent  oombat  airoraft  which  have  used  boundary-layer  control  by  flap  blowing  for  various  reasons 
are  Phantom,  FI  01*.,  and  Buccaneer.  Bleed  air  extraction  has  oaused  various  detail  problems  which  have 
been  solved  satisfactorily  in  practice. 

V/STOL  Combat  Airoraft 

When  very  short  or  vertical  take-off  and  larding  performance  is  required  then  the  simplest  solution 
so  far  proposed  is  engine  lift  provided  by  the  veotored  thrust  engine.  The  Hawker  Siddeley  Harrier  is 
the  well-known  and  very  suocossful  example  of  this  oonoept. 

A  further  development  of  this  oonoept  has  been  proposed,  when  supersonic  capability  or  high 
speoiflo  exoess  power  are  required.  This  envisages  the  adoption  of  a  further  lift  augmentation  devioe 
known  as  plenum  chamber  burning,  in  which  the  oold  flow  from  the  IP  fan  is  burnt  in  the  front  vectoring 
nozzles  to  provide  considerable  thrust  or  lift  boost.  This  can  typioally  augment  lift  off  thrust  by 
some  30 %  and  has  a  significant  effeot  on  speciflo  exoess  power. 

Combinations  of  vectored  thrust  engine  and  lift  engine  have  also  been  proposed,  as  In  the  German 
VAX  191  prototype  now  under  oonstruotion. 

In  a  oombat  airoraft,  lift  engine  volume  and  thrust/weight  ratio  are  all  important.  Low  noise 
levels  and  low  speciflo  fuel  consumption  are  relatively  unimportant,  and  this  leads  to  the  adoption  of 
a  turbojet  design  such  as  the  RB  162  or  the  XJ99,  in  contrast  to  the  k  =  10  RE  202  oivil  design. 
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1500  FT.  (  S.L.  90° F) 

350-500  KTS.  T.A.S. 
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95  Pndb. 

1973-1975 


Fig.  1  Typical  STOL  requirement  (Eastern  Airlines  US) 
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Fig, 3  Direct  jet  lift  systems 
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Fig.6  Effect  of  CLlnax  on  landing  performance 


I'ig.7  Additional  till  generated  by  blowing 


DUCT  AREA 
WING  C.S. AREA 


04 

0-3  ■ 

02  ■ 

0*1 

0  L 

0 

BLEED  PRESSURE  RATIO  AT  ENGINE 


big.X  Influence  of  pressure  ratio  on  duct  area 


PRESSURE  RATIO  12-3 

TEMPERATURE  *K  310  -  470 

7.  GAS  GEN.  FLOW  100  x  Bypass 
(MAXIMUM)  Ratio 


2  -  6 
375  -  575 
10  -157. 


BLEED 
15  -  25 
700-  900 
5-107. 


l-'iii.1*  Bleed  sources 


bypass  engines 


'WM-'/ 


LIKELV  CM  RANGE 


MOMENTUM 

COEFFICIENT 


BYPASS  RATIO 


l  ig.  II  Momentum  eoelTieient  av;iilalilc 


I* ip.  1  2  .let  temperature  at  externally-blown  tlap 


WF' 


mm 


KMI 


LU 

<J) 


TOTAL  FORWARD  NOISE 


1 


10  PMdB 

TAKt  •  Off  M01SE 


I- iy. 2 5  F  fleet  of  acoustic  materials  on 


ATIEHUATIDR  IN  PKIdB 
ACOUSTIC  MH18IMS 


APPROACH  NOISE 


al  forward  and  rearward  noise 


UJ 

z 

3 

a 

«0 

ir  K)Pm 

c 

o 

> 

cO 

TJ 

z 

Du 


0  2  4  fo  8  10  12  14 

BY  -  PASS  RKTIO 

Fig. 26  Variation  ol'  noise  with  bypass  ratio 

1  SINGLE  FUNCTION  PROPULSON  UNIT  OPTIMISED 
FOR  PERFORMANCE  AND  NOISE 

2  MULTI -FUNCTION  PROPULSION  UNIT  COMPROMISED 
TO  PROVIDE  L.P  BLEED  AIR 

3  SINGLE  FUNCTION  OPTIMISED  LIFT  UNIT 

4  SINGLE  FUNCTION  OPTIMISED  BLOWING  AIR 
SUPPLY  UNIT 


Fig. 27  STOL  engine  types 
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Fig.30  Internal-blown  flap  configuration  (blowing  air  provided  by  propulsion  engines) 
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PAST  A.  -  THERMODYNAMIC  PROBLEMS  AND  SOME  POSSIBLE  SOLUTIONS 


by  E.A.  WHITE  arid  H.C.  HILLIER 


1.  INTRODUCTION 


This  part  of  the  paper  takes  up  the  design  oriteria  established  in  Part  I  on  the  thermodynamios  of 
the  engines  for  STOL  applications,  and  leads  in  to  descriptions  of  several  possible  engine  solutions 
with  their  associated  advantages  and  disadvantages. 

2.  PROPULSION  ENGINE  WITH  BLEED  AIR  CAPABILITY 


Part  I  of  the  paper  has  already  indicated  that  the  penalties  associated  with  providing  largs 
quantities  of  bleed  air  from  a  conventional  propulsion  engine  are  severe,  the  severity  increasing  with 
bypass-ratio. 

Fig.  1  shows  the  take-off  thrust  penalty  for  IP  delivery  bleed  up  to  25%  of  the  gas  generator  flow 
and  Fig.  2  shows  similar  data  for  HP  delivery  bleed,  for  an  engine  of  15OOO  lb.  thrust.  These  show  that, 
for  a  given  airoraft  bleed  requirement  in  actual  pourulVseoond  (typically  15  lb/sec.  for  a  four  engined 
100  seat  airoraft),  the  penalties  at  quite  modest  bypass-ratios  are  unacceptable.  Bleecid  above  15/5 
could  in  any  case  give  rise  to  flow  matching  problems,  losses  in  compressor  efficiency  arising  from  poor 
velooity  profiles,  and  design  problems  in  physically  extracting  the  bleed  air.  Fig.  3  shows  how  the  gas 
generator  air  flow  falls  at  a  given  thrust  size  with  increasing  bypass-ratio  and  hence  illustrates  why 
the  bleed  penalties  are  so  crippling. 

The  question  therefore  arises  of  utilising  bypass  bleed  air.  There  is  virtually  no  restriction  on 
the  amount  available,  certainly  where  the  primary  and  secondary  streams  are  unmixed.  However,  it  has 
already  been  said  that  a  bleed  air  pressure  ratio  in  excess  of  2.5  is  desirable  in  order  to  minimise  the 
flow  requirements  and  duot  sizes.  Fig.  4  shows  optimum  fan  pressure-ratio  against  bypass-ratio  and  above 
a  bypass-ratio  of  about  2:1  the  bypass  air  pressure-ratio  is  inadequate.  The  engine  cycle  could  be 
compromised  in  the  interests  of  maintaining  the  bypass  pressure-ratio  at  the  required  level  but  the 
performance  penalties  are  again  severe.  Fig.  5  shows  the  losses  in  thrust  and  Fig.  6  the  inoreases  in 
speoifio  fuel  consumption,  stemming  from  this  compromise  at  various  bypass-ratios.  Above  a  bypass-ratio 
of  around  3*5  the  cycle  beoooes  thermodynamically  impossible  owing  to  an  insufficiency  of  energy  in  the 
oore  How. 

It  is  reasonable  to  conclude  that  these  penalties  are  unaooeptable  at  the  hi#i  bypass-ratios 
required  for  optimum  cruise  performance.  Hence  the  dilemma  faoing  the  engine  designer.  At  the  high 
bypass-ratios  required  for  cruise  the  penalties  associated  with  bleed  from  the  gas  generator  are  high 
and  the  bypass  bleed  air  pressure -ratio  is  inadequate,  whereas  the  optimum  engine  with  a  high  enough 
bypass  pressure-ratio  has  an  unattraotively  low  bypass-ratio  for  cruise.  The  latter  also  suffers  from 
another  drawback,  namely,  a  fundamentally  high  Jet  noise  level  arising  from  the  high  velooity  of  the 
primary  stream  efflux.  Fig.  7  summarises  these  efflux  conditions  and  indicates  the  typloal  sideline  jet 
noise  level  of  110  PNdB,  1000  ft.  lateral  distanoe  with  an  airoraft  speed  of  200  knots. 

However,  a  neat  solution  to  all  these  problems  is  possible.  Fitting  an  aft  fan  to  the  primary 
stream  will  not  only  drop  the  hot  jet  velooity  and  therefore  jet  noise  levels  to  aooeptablo  values,  but 
will  inoreoae  the  thrust  of  the  oomplete  poirerplant  and  produce  an  overall  bypass-ratio  giving  low 
levels  of  cruise  speoifio  fuel  consumption.  Fig.  8  outlines  the  design  parameters  of  an  aft  fan  unit 
for  such  an  engine,  and  shows  that  it  is  possible  to  achieve  a  hot  exhaust  velooity  of  900  ft/seo  with 
looal  bypass-ratios  around  4:1  and  fan  pressure-ratios  around  1.45*  Fan  matohing  problems,  the 
desirability  of  a  single  stage  fan  turbine  for  mechanioal  simplicity  and  the  need  for  a  low  fan  tip 
speed  (around  1100  ft/seo)  from  machinery  noise  considerations  will  together  diotate  the  aotual  choioe 
of  aft  fan  parameters.  These  are  summarised  in  Fig.  9. 

The  typloal  layout  of  a  oomplete  powerplant  is  shown  in  Fig.  10  and  the  performance  of  suoh  on 
engine  is  summarised  in  Figs.  11  and  12.  The  engine  will  provide  a  propulsive  thrust  at  taka-off  of 
16500  lb.,  together  with  a  total  bypass  bleed  airflow  of  80  lb/seo.  at  a  pressure  ratio  of  2.75, 
assuming  a  basio  engine  total  intake  air  mass  flow  of  200  lb/seo.  At  e  ;ypioal  oruise  condition  of 
0.75  Mach  number,  25000  ft.,  the  total  propulsive  thrust  assuming  the  bleed  air  is  expelled  from  a 
separate  propelling  nozzle  is  466 0  lb.  and  the  resultant  speoifio  fuel  consumption  is  0.75  lb/lb/hr. 

The  engine  noise  levels  would  still  be  unaooeptably  high  without  act  1  „io  treatment  owing  to  tha 
gas  generator  fan  and  aft  fail  machinery  noise  components.  However,  suitable  treatment  will  reduoe  the 
noise  levels  to  values  of  around  100  PNdB  at  the  three  measuring  points  as  is  shown  in  Fig.  13.  These 
values,  whilst  meeting  F.A.A.  regulations  for  conventional  airoraft,  are  still  higher  than  the  F.A.A. 
proposals  for  STOL  aircraft  which  will  be  extremely  diffioult  to  meet  with  any  engine. 

3.  PROFULSION  ENGINE  WITH  BLEED  AIR  CAPABILITY  'DESIGNED  IN1 


Hitherto,  we  have  been  considering  the  penalties  and  problems  of  large  air  bleeds  at  take-off  on 
engines  without  a  basio  bleed  capability  inherent  in  the  original  design  and  with  an  optimised  oruiss 
performance,  without  bleed  as  a  prime  consideration.  An  alternative  solution  to  the  ohoios  of  a 
suitable  engine  which  appears  to  havo  several  advantages  is  the  high  bypass-ratio  turbofan  with  an 
oversized  IP  compressor  fundamentally  oapable  of  providing  large  airbleeds.  Suoh  an  engine  would  avoid 
the  compressor  mia-matchlng  problems  mentioned  earlier  and  the  performanoe  penalties  are  considerably 
reduoed. 
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Fig.  14  shows  the  losses  in  take-off  thrust  at  various  bypass-ratios  with  IP  compressor  delivery 
bleeds  up  to  25$  of  the  primary  flow  for  engines  designed  to  this  oonoept.  Fig.  15  highlights  the 
benefits  of  this  approach  compared  to  the  engines  desoribed  earlier.  At  a  bypass-ratio  of  6:1,  for 
example,  the  loss  in  take-off  thrust  is  improved  from  35$  to  25$  by  this  technique.  Fig.  16  shows  the 
layout  of  a  typical  three-shaft  engine  designed  on  these  prinoiples.  Such  an  engine  would  naturally 
embody  the  levels  of  technology  to  be  anticipated  in  the  next  generation  of  large  civil  subsonio 
transport  propulsion  engines.  In  particular  the  fan  tip  speed  would  be  kept  down  to  around  1100  ft/sec. 
or  less,  to  minimise  the  fan  machinery  noise  and  the  hot  Jet  velooity  would  be  intrinsioally  low.  The 
engine  configuration  would  lend  itself  to  conventional  aooustio  treatment  of  the  fan  inlet  and  outlet 
ducts. 


4,  PROPULSION  ENGINES  WTTO  WO  BLEED  REQUIREMENTS 

We  now  consider  the  ohoioe  of  a  STOL  propulsion  engine  where  there  is  no  requirement  for  large  air 
bleeds.  Clearly,  in  this  case,  the  provision  of  additional  lift  during  take-off  and  particularly 
landing  would  result  from  the  use  of  separate  b  .owing  engines  or  direot  lift  engines  both  of  which  are 
described  in  a  later  section  of  this  paper. 

It  is  worth  reiterating  a  conclusion  from  Part  I  of  the  paper,  thnt  for  low  noise  levels  the  hot 
jet  velooity  of  any  engine  must  be  kept  to  900  ft/seo  or  so  and  in  order  that  aooustio  treatment  of  the 
fan  will  produoe  a  balanoe  between  jet  and  machinery  noise  generation.  Fig.  17  shows  hot  jet  velocity 
against  bypass-ratio  for  a  range  of  turbofans  with  optimum  fan  pressure-ratios  and  indioates  that  bypass- 
ratio  must  be  around  a  value  of  10:1  in  order  to  achieve  the  desired  aim.  Part  I  went  on  to  conolude 
that  a  bypass  ratio  of  around  10:1  will  be  optimum  for  STOL  aircraft  when  all  considerations  are  taken 
into  account  and  we  now  examine  the  problems  encountered  in  the  design  of  such  an  engine. 

Fig.  18  illustrates  a  number  of  possible  engine  arrangements  embracing  two-shaft  and  three-shaft 
layouts,  both  with  direotly  driven  fans  and  with  fans  driven  through  a  reduotlon  gear.  It  is  evident 
that  some  configurations  have  distinct  disadvantages.  A  two-shaft  engine  with  direotly  driven  fan  has  a 
large  number  of  LP  turbine  stages  at  a  very  large  mean  radius.  Sinoe  the  fan  tip  speed  must  be  kept 
down  to  around  1100  ft/seo  or  less  the  IP  oomproseor,  which  is  connected  to  the  same  shaft,  would  either 
have  to  be  designed  at  very  high  hub: tip  ratios  to  aohieve  adequate  blade  speeds  or  a  low  loading  be 
aocepted  and  hence  a  low  pressure-ratio.  A  dirootly  driven  three-shaft  engine  would  esoape  the  latter 
problem,  but  would  require  a  five  stage  LP  turbine  even  when  the  mean  radius  ie  nearly  double  that  of 
the  IP  turbine,  (if  the  IP  turbine  mean  radius  i3  maintained,  the  LP  turbine  would  require  more  than 
10  stages) . 

Honoe  we  are  drawn  to  the  attractiveness  of  the  geared  fan  solutions.  These  have  the  virtue  of  few 
LP  turbine  stages  and  by  a  suitable  choioe  of  reduction  gear  ratio  (around  3:1 )  the  fan  tip  speed  nay  be 
kept  down  to  the  desired  levels  without  compromising  the  design  of  the  IP  compressor.  The  three-shaft 
geared  fan  engine  would  enoounter  shaft  whirling  problems  and  seems  meohanically  unnecessarily  complex, 
whereas  the  two-shaft  engine  retains  the  advantages  without  the  mochanioal  drawbacks  and  appears  the 
best  layout.  The  advantages  of  tee  two-shaft  geared  fan  oonoept  are  summarised  in  Fig.  19. 

Having  established  the  virtues  of  the  geared  fan  engine  a  further  possibility  now  emerges.  With 
comparatively  little  additional  complexity,  a  fan  variable  pitoh  meohanism  may  be  incorporated  ahead  of 
the  reduction  gearbox  and  within  the  same  outside  diameter.  Such  a  conoept  has  the  merits  of  aohieving 
optimised  fan  operating  conditions  throughout  the  flight  envelope,  without  recourse  to  a  variable  area 
far.  nozzle  which  could  otherwise  be  required  at  high  bypasD-ratioa,  and  of  modulating  thrust  during  the 
airoraft  approach.  It  also  offers  the  possibility,  with  a  suitable  design  of  fan  blading,  of  reverse 
pitch  operation  enabling  fan  thrust  reversal  to  be  obtained  down  to  zero  airoraft  speeds  during  landing. 
The  latter  feature  is  highly  attractive  for  STOL  operations  where,  as  has  been  shown  in  Part  I,  the 
achievement  of  a  short  landing  field  length  is  critical.  Conventional  thrust  reverser  operation  is 
typically  not  possible  below  airoraft  speeds  of  60  knots  owing  to  re-ingestion  problems.  Further, 
because  at  bypass-ratio  10  the  fan  thrust  is  some  8  times  the  primary  thrust  it  is  possible  that  fan 
thrust  reversal  would  itself  be  adequate  without  recourse  to  hot  thrust  spoiling  and  the  overall  result 
is  a  weight  saving  compared  with  a  conventional  pcwerplant. 

The  choice  of  a  variable  pitoh  geared  fan,  however,  does  impose  several  constraints  on  the 
designer,  not  least  in  the  achievement  of  a  high  enough  fan  pressure-ratio  for  optimised  cyole 
performance  with  blading  suitable  for  reversed  pitch  operation.  Current  technology  suggests  that  these 
constraints  will  limit  the  fan  pressure-ratio  to  a  value  around  1.25,  but  Fig.  20  shews  that  this  is,  in 
the  event,  very  near  optimum  for  bypass-ratios  of  around  10  to  12. 

It  would  not  be  true,  at  this  point  in  time,  to  say  that  all  the  problems  associated  with  variable 
pitch  fan  blading  with  reversal  capability  have  been  solved  and  research  programmes  are  even  now  under 
way  to  obtain  the  solutions.  Nevertheless,  the  concept  holds  out  real  advantages  for  STOL  applications 
which  are  summarised  in  Fig.  21. 

Fig.  22  illustrates  a  typiool  engine  arrangement  based  on  the  use  of  M45H  gas  generator  oomponents, 
the  latter  engine  being  a  Joint  Rolls  Roycq/SNECMA  turbofan  now  under  development.  This  figure  shows 
the  basic  engine  layout  with  no  acoustic  treatment  as  might  be  used  in  military  applications.  The  noise 
levels  are  fundamentally  low,  but  the  engine  configuration  lends  itself  readily  to  additional  treatment 
for  civil  applications  as  is  shown  in  Fig.  23.  With  this  layout,  the  single  engine  noise  levels  will 
meet  F.A.A.  STOL  proposals  as  is  shown  in  Fig.  2 4  with  typical  values  at  sideline,  approach  and  flyover 
of  88  FHd£,  93  FNdfl  anl  89  PNdB  respectively.  However,  for  a  four  engined  aircraft  the  total  noise 
?  .-vela  will  be  6  FNdB  higher  than  theso  values  and  will  not  quite  meet  the  proposals  at  approach. 

Fig.  25  shows  the  urinstalled  performance  of  a  bypass-ratio  10  engine  using  U45H  components,  giving 
a  take-off  thrust  of  li.OOQLb.  and  a  typioal  cruise  specific  fuel  consumption  of  0.60  lb/hr/lb.  Part  I 
of  this  lecture  has  already  established  the  good  take-off  to  cruise  thrust  match  of  suoh  an  engine  for 


STOL  airoraft.  We  have  aaid  uninstalled  performance  on  this  Fi gure  advisedly,  sinoe  engines  of  such 
high  bypass-ratio  are  critically  dependent  on  good  powerplant  design  for  optimum  installed  performance. 
As  bypass-ratio  increases,  the  influence  of  losses  in  gas  generator  component  efficiencies  on  engine 
performance  become  increasingly  less  critical  sinoe  the  fan  makes  such  a  large  contribution  to  the  total 
performance  of  the  engine.  On  the  other  hand,  the  degradation  in  performance  stemming  from  intake  and 
fan  duct  pressure  losses  become  more  severe  the  greater  the  bypass-ratio,  as  is  shown  in  Figs.  26  and  27 
at  take-off  and  cruise  respectively.  The  onus  is  therefore  on  the  aircraft  and  engine  designers  to 
collaborate  at  an  early  stage  in  the  achievement  of  a  clean  powerplant  design  which  is  essential  for 
good  installed  performance  for  engines  of  this  type.  Fig.  28  shows  some  typical  installation  losses  for 
an  engine  of  bypass-ratio  10  assuming  the  aooustlc  treatment  shown  earlier  and  including  the  total 
pcrwerplant  drags.  These  values  forcibly  underline  the  requirement  for  good  powerplant  design. 

5.  BLOWING  ENGINES 


Part  I  of  this  paper  concludes  that,  in  order  to  operate  from  airstrips  of  2000  ft.  and  under,  some 
form  of  blown  lift  or  direct  lift  augmentation  is  necessary.  This  section  describes  a  typical  blowing 
engine  designed  to  produce  the  large  quantities  of  air  required  for  flap  blowing. 

Fig.  29  illustrates  the  layout  of  one  such  arrangement  in  which  a  low  weight,  low  volume  engine  ie 
used  to  drive  an  axial  blower.  Weight  and  volume  of  the  complete  assembly  are  all  the  more  important 
because  the  engine  is  used  during  take-off  and  landing  only  and  is  shut-down  for  cruise,  lypioal  engine 
cycle,  performance  and  weight  data  are  given  in  Fig.  30. 

6.  DIRECT  LIFT  ENGINES 


As  with  Blowing  engines,  weight,  volume  and  noise  are  of  paramount  importance  for  direct  lift 
engines.  The  characteristics  of  lift  fans  aro  generally  well  known  and  it  is  not  intended  to  dwell  on 
this  subject  in  any  great  detail  other  than  to  point  out  that  the  oyole  is  largely  dictated  by  the  need 
to  achieve  low  noise  and  hence  a  low  jet  velocity. 

7.  CONCLUDING  REMARKS 


This  paper  has  described  the  interface  problems  between  aircraft  and  aero-engine  manufacturers 
resulting  from  the  need  for  lift  augmentation.  Part  II  has  outlined  some  solutions  to  the  problem,  but 
it  is  emphasised  that  no  attempt  has  been  made  to  draw  ary  conclusions  on  the  merits  of  one  solution 
over  another. 
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Typical  variation  ol  total  engine  airflow  and  gas  generator  airflow  with  bypass  ratio 


fry- Pass  Ratio  -  O  (2>Q 


Hot  Jct  Velocity  1600  Ft/Scc., 

Hot  KIozzlc  Prcssurc  Ratio  2  5 
Hot  Jct  Temperature  310  *K 
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.7  Hot  jct  conditions  for  engine  with  optimum  fan  pressure  ratio  = 


Aft  Tan  Tip  Specd  -  1 1 00  Ft./5ec. 
Aft  Fan  Bv  Pass  Ratio  -  4-  0 
Aft  Fan  Pressure  Ratio  -  I  45 


Resultant  Hot  Jet  Vclocuty  -  900  Ft/Scc. 

Rcsultant  Hot  Nozzle  Prcssure  Ratio  -  F2 
Rcsultawt  Hot Jct  Tcmpcraturc  —  760  "K 

Fig. 9  Aft  fan  required  to  produce  hot  jet  velocity  of  900  ft/sec 


Fig.  10  Typical  layout  of  a  split  Row  aft  fan  engine 


P  ropulsivc  Thrust  At  Takc  Off  16,500 
Bleed  Airflow  (Bv  Pass  A/r)  8 00  Ib/scc. 

Pressure  Ratio  Of  Bleed  Air  2  75 
Temperaturc  Of  Bleed  Air  4oo°k 

I  1  Performance  of  typical  split  flow  aft  fan  engine 
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log.  I  2  Performance  of  typical  split  flow  aft  fan  engine 
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F.g.  18  Some  possible  engine  arrangements  for  bypass  ratio  1 0  engines 
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Fig.  19  Summary  of  advantages  of  two  spool  geared  fan  engine 
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Fig. 22  Typical  layout  of  bypass  ratio  10  engine  with  geared  fan  and  variable  pitch  blading 
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Tig.  23  Typical  layout  of  bypass  ratio  10  engine  with  geared  Tan  and  variable  pitch  blading 
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Fig.24  Typical  noise  levels  of  bypass  ratio  10  engine  with  acoustic  treatment 


TAKE-OFF  THRUST  AT  SEA-LEVEL  STATIC  ISA . 15000  lb 

MAXIMUM  RECOMMENDED 

CRUISE  THRUST  AT  -72M  25000  FT  ISA- . 3650 lb 

SPECIFIC  FUEL  CONSUMPTION  AT  CRUISE _ -60  Ib/hr/lbf 

Fig. 25  Performance  summary  of  typical  bypass  ratio  10  engine 
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CRUISE  MACH  072  25000FT. 

1.  BASIC  INTAKE  AND  DUCT  LOSSES 
WITH  ACOUSTIC  TREATMENT 

40 

3  5 

2.POWERPLANT  DRAGS 

80 

80 

3.  TOTAL 
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Ivpical  installation  losses  lor  bypass  ratio  10  engine  with  acoustic  treatment 
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GAS  GENERATOR  AIR  MASS  FLOW, _ 85  Ib/scc 

GAS  GENERATOR  PRESSURE  RATIO _ 4-5 

BLOWING  COMPRESSOR  PRESSURE  RATIO____,.2B 

BLOWING  COMPRESSOR  AIR  MASS  FLOW _ 105  Ib/sec 

TYPICAL  ENGINE  DIAMETER _ 36  ins 

TYPICAL  OVERALL  LENGTH _ 120  ins 

TYPICAL  OVERALL  WEIGHT, _ 1370  lb 


Hg.dt)  Typical  cycle  parameters  and  performance  of  blowing  engine 
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OPTIMISING  THE  PROPULSIVE/LIFT  SYSTEM  FOR  TURBOFAN  STOL  AIRCRAFT 
CONSIDERING  COST  EFFECTIVENESS 

II. T. Bowling 


1.  INTRODUCTION 

There  is  now  and  will  be  a  continuing  need  for  cost  effective  STOL  aircraft  suitable  for  either  cargo  or  passenger 
transportation.  This  need  exists  for  both  military  and  commercial  applications.  There  have  been  successful  STOL 
aircraft  designed  using  turboprop  propulsion  combined  with  a  deflected  slipstream  high-lift  system;  however,  the 
development  of  an  aircraft  which  integrates  the  thrust  and  economical  fuel  consumption  characteristics  of  a  high 
bypass-ratio  turbofan  engine  with  an  efficient  high-lilt  system  remains  as  a  goal  for  the  aircraft  and  propulsion 
industries.  It  is  generally  agreed  that  high  bypass-ratio  turbofan  engines  must  be  considered  for  new  STOL  aircraft 
especially  when  high  thrust  levels,  high  altitude,  and  high-speed  cruise  is  required.  It  is  the  primary  purpose  of  this 
paper  to  present  the  results  of  a  comparison  of  three  STOL  high-lift  concepts  which  have  been  integrated  with 
bypass-ratio  turbofan  engines.  Transport  aircraft  configurations  have  been  optimized  using  these  concepts  and  will 
be  compared  along  with  significant  characteristics  of  each  system. 

The  purpose  of  this  comparison  was  to  provide  possible  insight  for  future  studies  and  testing.  None  of  these 
systems  have  been  subjected  to  a  highly  detailed  analysis  and  do  not  represent  completely  optimized  concepts. 

Lvery  effort  has  been  made  to  make  the  comparison  as  consistent  as  possible. 

In  the  highly  competitive  environment  of  both  commercial  and  military  markets,  it  litis  become  necessary  to 
consider  cost  effectiveness  even  in  very  preliminary  design  studies.  A  secondary  purpose  of  this  paper  is  the  dis¬ 
cussion  and  demonstration  of  a  study  methodology  which  has  been  developed  to  integrate  cost  effectiveness  into 
the  early  technical  development  of  new  airplane  concepts.  This  methodology  will  be  primarily  applied  to  a  military 
STOL  development  program.  However,  there  will  be  some  examples  shown  of  considerations  of  commercial  cost 
effectiveness. 


2.  SYSTEM  DESIGN 

There  are  a  number  of  alternatives  for  developing  STOL  performance,  such  as  low  wing  loading  with  conventional 
flap  system,  high  thrust  to  weight  ratio,  and  exotic  mechanical  high-lift  systems.  Low  wing  loading  is  perhaps  one  of 
the  most  straightforward  of  the  approaches  but  exacts  penalties  in  speed,  weight  and  ride  comfort.  A  promising 
alternative  is  to  incorporate  an  effective  high-lift  system  which  utilizes  the  propulsion  system  as  the  source  of  energy. 
As  shown  in  Figure  I,  the  combined  actions  of  the  wing  and  power  plant  to  achieve  high  lift  can  take  several  forms. 
All  of  these  are  based  on  thrust  vectoring  and  blowing  over  aerodynamic  surfaces,  either  singly  or  in  combination. 
Some  have  achieved  flight  status,  while  others  have  not  yet  progressed  beyond  the  wind-tunnel  and  the  drawing 
hoard.  They  include  the  types  of  system  listed  in  the  central  column.  The  first  two  systems  consider  the  pure 
vectored  thrust  approach  differing  only  in  the  source  and  angularity  of  the  thrust  vectoring  and  blowing.  Each 
system  has  its  own  advantages,  i.e.  the  lift  engine  approach  utilizes  the  lighter  weight  of  pure  lift  engines.  The  last 
three  systems  depend  heavily  on  blowing  over  aerodynamic  surfaces.  Boundary-layer  control,  particularly  by  blowing 
over  trailing-edge  flaps,  has  been  used  extensively  for  lift  augmentation,  'flic  internally-blown  jet-flap  represents  an 
extension  of  BLC  to  higher  energy  levels.  The  externally-blown  Hap  provides  the  combined  action  of  thrust  vectoring 
and  blowing. 

The  scope  of  this  investigation  was  limited  to  promising  systems  which  were  determined  to  be  both  practical  and 
within  the  present  state-of-the-art.  Three  systems  were  selected  for  comparison.  They  represent  the  BLC  and  Jet- 
Flap  Systems  previously  discussed  combined  with  vectored  thrust  to  take  full  advantage  of  the  propulsion  system 
in  the  attainment  of  high-lift,  and  the  Externally-Blown  Flap  System.  The  takeoff  condition  was  found  to  be  most 
critical  for  the  determination  of  aircraft  size  for  a  given  field  length  considering  the  ground  rules  utilized  in  military 
STOL  studies.  However,  in  this  study  recognition  was  given  to  techniques  for  attaining  the  shortest  possible  landing 
distance. 

In  most  commercial  STOL  studies,  experience  has  shown  that  landing  field  length  is  the  critical  design  factor. 
What  landing  safety  factors  are  finally  adopted  in  design  criteria  and  the  use  of  reverse  thrust  in  commercial  STOL 
design  have  a  significant  impact  on  aircraft  size  and  cost.  All  of  the  candidate  systems  include  the  same  type  of 
highly  effective  thrust  reverser,  which  is  designed  to  minimise  inlet  contamination  in  the  form  of  temperature  rise 
at  low  forward  speeds. 


1 1  ' 


11k-  investigation  presented  in  this  paper  is  the  result  of  a  part  of  a  continuing  inhouse  study  at  Lockheed- 
Gcoigia  to  determine  the  optimum  configuration  for  a  STOL  transport  aircraft  designed  to  perform  short  range 
Slot  missions.  figure  2  presents  a  table  of  the  design  constraints  used  in  this  particular  comparison.  These  eon 
Mi.unis  are  arbitrarily  postulated  for  the  purposes  of  this  comparison;  however,  they  do  represent  realistic  criteria. 
Tigiiic  a  shows  the  baseline  aircraft  design  as  configured  for  the  Fxternally-Hlown  flap  System.  A  high  wing 
position  was  selected  for  ease  of  cargo  loading  anil  minimization  of  lift  losses  due  to  ground  effect.  The  lour  turbofan 
engines  have  a  bypass-ratio  of  b  and  represent  current  state-of-the-art  in  the  40,000  to  (>0,000  lb.  thrust  category. 

Tor  this  study,  an  upper  thrust  limit  of  bX.000  lb.  was  established  based  on  the  maximum  engine  size  presently 
proposed  by  any  engine  manufacturer.  The  large  fuselage  cross-section  was  optimized  for  military  cargo  combination, 
including  large  vehicles  and  double  rows  of  pallets  or  containers.  Moderate  sweep  and  aspect-ratio  were  selected 
Iron)  prior  analysis,  and  the  tee-tail  arrangement  followed  from  consideration  of  high  downwash  angles  generated  by 
the  lilt  systems.  1  he  multi-wheel  landing  gear  reflects  the  need  for  notation  on  soft  terrain,  figure  4  presents  a 
cross-section  of  the  wing  and  nacelle  as  designed  for  the  Externally-Blown  flap  System.  The  engine  is  positioned 
close  to  the  wing  for  efficient  interaction  with  the  double-slotted  trailing-edge  flap.  The  configuration  shown  here 
is  the  result  of  analyzing  both  earlier  NASA  tests  and  more  recent  tests  in  the  Loekheed-Georgia  V/STOl.  Wind-Tunnel. 
I  wo  features  shown  in  this  illustration  are  common  to  all  three  candidate  systems.  One  is  the  Kruger  type  leading- 
edge  flap,  which  provides  a  I  (TV  extension  of  the  wing  chord,  and  the  other  .is  the  thrust  reverser.  The  latter  provides 
a  forward  vector  of  the  fan  thrust,  inclined  at  40°  upward  from  the  horizontal,  by  opening  a  scoop-type  door  and 
simultaneously  closing  a  blocker  in  the  fan  duct.  All  of  the  trailing-edge  Hap  systems  are  full  span  and  utilize  .WV 
to  40  .'  of  the  wing  chord.  This  arrangement  is  not  necessarily  optimum  but  should  provide  a  reasonable  and  consis¬ 
tent  basis  for  this  comparison. 

figure  5  is  a  similar  cross-section  which  represents  the  combination  of  thrust  deflection  and  blowing  BLC.  'The 
thrust  deflector  is  a  hinged  extension  of  the  mixed  How  duct,  which  at  its  horizontal  setting  discharges  the  entire 
How  through  its  rectangular  nozzle.  Any  downward  deflection  angle  opens  up  a  passage  for  the  How  of  exhaust 
bleed  into  a  span  wise  duct  for  distributed  blowing.  The  high  location  of  the  feeder  duct  assures  the  passage  of  a 
low  temperature  fluid,  consisting  primarily  of  fan  air.  The  How  quantity  is  governed  by  the  area  of  the  spanwise 
discharge  How  and  is  limited  by  an  amount  sufficient  to  create  How  attachment.  'The  thrust  reverser  differs  from 
that  of  the  previous  example  in  that  the  two  blockers,  one  in  the  deflector  and  one  in  the  feeder  duct,  permit  all 
of  the  exhaust  How  to  become  reversed,  figure  6.  representing  the  combination  of  thrust  deflection  with  an  inter¬ 
nally-blown  jet-flap,  is  quite  similar  to  the  foregoing  system  and  differs  only  in  the  quantity  of  exhaust  bleed  and 
the  design  configuration  of  the  (lap.  Approximately  35 'V  of  the  fan  discharge  is  fed  to  the  (lap.  limited  to  that 
amount  only  by  the  available  duct  area.  The  latter  is  created  by  the  flap  itself,  the  upper  and  lower  elements  of 
which  separate  progressively  with  flap  deflection.  An  upper  BLC  slot  is  provided  at  the  “knee"  and  a  main  jet  slot 
near  the  trailing-edge.  located  below  a  narrow  auxiliary  control  flap.  The  auxiliary  flap  is  used  for  both  flight  path 
angle  and  roll  control  by  deflecting  the  main  jet  sheet. 

figure  7  shows  the  wing  and  nacelles  of  the  foregoing  system  in  planlbnn  to  illustrate  the  How  patterns  of  the 
ducted  fluid  as  shown  by  the  arrows.  Of  particular  interest  is  the  fact  that  a  cross-duct  is  provided,  connecting  the 
right  and  left  wings.  This  is  accomplished  hv  use  of  a  llexible  duct  element  between  the  flap  and  a  fixed  duct  across 
the  top  of  the  fuselage.  In  the  event  of  an  engine-out  condition,  the  rolling  moment  due  to  asymmetrical  deflected 
thrust  can  be  counteracted  by  further  opening  the  slot  on  the  dead  engine  side,  while  closing  it  on  the  other  side  and 
thus  equali/ing  the  total  lift  vectors  on  each  side.  Differential  slot  opening  can  also  be  used  to  augment  roll  control. 
While  the  Bl.C  system  can  function  in  a  similar  manner,  it  is  not  capable  of  providing  the  same  magnitude  of  roll 
control. 

There  are  of  course  many  other  combinations  of  thrust  deflection  and  lift  augmentation  but  only  these  three 
systems  will  be  discussed  in  more  detail  here. 


.1.  METHODOLOGY 

It  is  not  practically  feasible  for  one  particular  technical  discipline  (i.e.  aerodynamics,  propulsion,  structures,  design 
etc.)  to  perform  a  meaningful  analysis  of  a  total  aircraft  design  such  as  the  one  just  described.  In  any  successful  study 
the  talents  of  all  groups  must  be  utilized  in  a  systematic  manner,  flic  study  methodology  discussed  here  demonstrates 
how  the  various  disciplines  contribute  to  a  pieliminary  comparison  of  candidate  high-lift  systems  for  a  STOL.  aircraft 
powered  by  turbofan  engines.  Figure  X  presents  a  block  diagram  which  shows  how  die  various  study  inputs  are  co¬ 
ordinated.  For  this  study.  Operations  Analysis/Research  provided  the  operational  inputs  to  this  study  scheme  to 
include  such  items  as  mission  profile,  payload 'cargo  compartment  matching,  and  field  length  requirements.  Preliminary 
design,  aerodynamics,  propulsion,  and  structures  share  in  the  initial  development  of  possible  designs.  There  is  a  con¬ 
tinuous  interaction  between  these  disciplines  as  noted  by  the  dashed  line  on  Figure  X.  This  development  work 
continues  until  sufficient  confidence  is  achieved  in  a  particular  design  for  its  inclusion  as  a  candidate  system.  The 
aerodynamic,  propulsion,  and  weight  characteristics  of  each  system  are  then  input  into  parametric  computer  programs 
which  size  configurations  to  simultaneously  satisfy  the  requirements  of  payload,  mission  profile  and  airport  perfor¬ 
mance.  Fnlizi  tg  a  rubberized  engine  concept  permits  a  wide  range  of  combinations  of  thrust  and  wing  area  all 
satisfying  the  requirements  discussed  above.  These  combinations  are  then  costed  and  the  minimum  cost  is  considered 
in  final  configuration  selection. 


4.  AERODYNAMICS 
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The  lilt,  moment,  and  horizontal  force  characteristics  ( inclndiiifi  power  effects)  of  these  systems  have  been 
estimated  and  correlated  witli  a  significant  amount  of  data  from  various  sources  including  tests  conducted  at 
l.ockheed-Georgia.  These  characteristics  are  typical  of  each  system,  hut  are  not  intended  to  represent  the  maximum 
that  could  he  achieved  by  a  complete  optimization  of  such  parameters  as  llap  span,  chord,  engine  location,  etc. 

The  lift  K'|  )  and  horizontal  (Cx)  characteristics  of  the  externallv-hlown  Hap  system  have  been  estimated  using 
the  equations  shown  on  figure  The  aerodynamic  characteristics  ol  the  boundary-layer  control/dellc'cted  thrust 
system  have  been  estimated  using  the  equations  shown  on  Figure  10;  in  this  system,  which  utilizes  lull-span  blowing 
at  the  knee  of  a  simple  slotted  Hap  plus  vectored  thrust  from  quick  acting  nozzles,  only  the  How  required  for  How 
attachment  is  bled  from  the  main  propulsion  engines.  I  he  aerodynamic  characteristics  of  the  jct-llap  deflected 
thrust  system  have  been  estimated  using  the  equations  shown  on  Figure  I  1. 

Figure  12  presents  a  comparison  of  the  trimmed  aerodynamic  lilt  characteristics  of  these  three  systems  for 
typical  takeoff  and  landing  Hap  nozzle  settings.  The  trim  effects  incorporated  in  these  data  tire  calculated  from 
moment  data  estimated  in  a  consistent  manner  with  the  lift  and  drag  data.  These  data  show  that  the  jet-flap 
system  develops  higher  maximum  lift  coefficients  for  a  given  thrust  coefficient  than  the  oilier  systems.  An  additional 
comparison  is  presented  in  Figure  13  where  an  aerodynamic/propulsive  efficiency  factor  for  each  system  is  shown 
as  a  function  of  thrust  coefficient.  In  this  comparison,  recognition  is  given  to  the  ability  of  each  system  to  produce 
both  lift  and  horizontal  force.  The  actual  efficiency  factor  is  defined  as  the  resultant  aerodynamic  force  vector 
developed  by  power  input  to  the  system.  As  shown,  both  I  he  externally-blown  and  jct-llap  systems  are  significantly 
more  efficient  in  producing  lift  and  thrust  simultaneously  than  the  HLC  system. 

4.1  Takeoff  Performance 

Generalized  takeoff  performance  data  have  been  computed  and  optimized  using  the  aerodynamic  data  previously 
described.  For  this  particular  comparison,  a  military  type  takeoff  distance  (total  distance  over  a  50  ft.  obstacle)  of 
1500  ft.  was  used  consistent  with  the  profile  and  speed  margins  shown  in  Figure  14.  Ground  roll  is  minimized  by 
keeping  the  Haps  retracted  during  the  ground  roll  and  than  rapidly  extending  them  at  liftoff  for  the  externally-blown 
(lap  system.  With  the  HLC  system,  quick  deflection,  quick  deflection  of  the  thrust  nozzles  at  liftoff  is  used;  and 
with  the  jet-flap  system,  quick  action  of  both  Haps  and  nozzles  are  used.  The  results  of  these  takeoff  computations 
are  presented  in  Figure  15  where  thrust/weight  ratio  is  shown  as  a  function  of  wing  loading  for  each  propulsive 
system. 

Each  point  on  these  curves  represents  an  optimized  combination  of  llap  deflection  and/or  thrust  nozzle  deflection 
for  minimum  takeoff  distance.  I  his  comparison  reflects  again  the  efficiency  of  these  propulsive  lift  systems.  As 
shown,  both  the  externally-blown  and  jet-flap  system  require  a  lower  thrust/weight  ratio  than  the  HLC  system.  In 
turn,  the  jet-flap  system  requires  a  slightly  lower  thrust/weight  ratio  than  the  externally-blown  llap  system. 


5.  CONFIGURATION  SIZING 

The  next  step  in  the  aircraft  sizing  process  is  the  simultaneous  consideration  of  both  airport  and  cruise  require¬ 
ments  of  aircraft  which  employ  these  systems.  The  weight  aspects  of  each  system  will  significantly  influence  the 
size  of  each  aircraft  and  parametric  weight  equations  were  developed  for  each  concept.  Empennage  sizes  were 
selected,  based  on  a  brief  analysis  of  stability  and  control  power  requirements.  Cruise-matched  configurations  were 
developed  as  a  function  of  wing  loading  and  cruise  power  setting.  From  these  configurations,  selected  aircraft  were 
chosen  which  also  meet  the  1500  ft.  airport  requirement.  This  matching  process  is  illustrated  in  Figure  lb  where 
T/W  required  and  available  is  presented  as  a  function  of  wing  loading. 

Figure  17  presents  a  summary  of  the  characteristics  of  those  aircraft  (as  a  function  of  wing  loading)  which 
satisfy  both  cruise  and  takeoff  requirements  for  all  three  systems.  For  this  study  a  wing  loading  range  of  b0-l40  lb  'ft ? 
was  selected.  Significant  problems  in  obtaining  acceptable  levels  of  control  power  and  ride  qualities  are  encountered 
with  very  low  wing  loadings,  while  very  high  wing  loadings  result  in  thrust  levels  in  excess  of  practical  consideration. 

In  observing  these  results,  the  expected  trends  of  decreasing  weight  and  increasing  thrust  with  increasing  wing  loading 
are  noted.  Application  of  the  externally-blown  llap  system  results  in  lower  weights  and  thrust  than  either  of  the  two 
internally-blown  systems.  The  jet-flap  system  has  higher  weights  but  lower  thrust  requirements  than  the  HLC  system. 
Noted  on  this  figure  is  the  maximum  available  thrust  restriction  previously  discussed.  There  are  three  major  factors 
that  influence  these  results:-  the  aerodynamic  characteristics  (as  indicated  by  Figure  12);  the  weight  of  the  wing  and 
mechanical  portion  of  the  high-lift  system;  and  the  weight  of  the  propulsion  system  and  related  control  system. 
Recause  of  loads  and  temperature  effects,  the  externally-blown  llap  system  has  a  higher  wing  weight  per  square  foot 
of  wing  area. 

The  jct-llap  wing  is  next  heaviest  followed  by  the  lighter  HI  C  wing.  However,  the  higher  wing  weight  of  the 
externally-blown  llap  is  more  than  offset  by  lower  propulsion  system  weights.  Conversely,  the  higher  propulsion 
system  weights  of  the  HLC  and  jct-llap  sy  stem  offset  the  lower  wing  weights.  The  inter-relationship  of  these  factors 
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essentially  determine  the  results  shown  in  Figure  17.  A  configuration  for  each  system  must  he  selected  from  these 
data.  However,  in  the  methodology  used  in  this  study,  the  final  selection  of  a  configuration  for  each  propulsive  lift 
system  is  made  only  after  considering  cost. 


6.  COST- EFFECTIVENESS 

1  he  particular  costing  procedure  used  in  this  study  was  developed  in  response  to  requirements  of  the  US  military 
services  where  life  cycle  cost  is  the  basic  economic  criteria.  Most  studies  in  response  to  commercial  studies  use  direct 
operating  cost  as  the  economic  measure.  A  typical  example  of  this  process  will  he  shown  later  on.  All  aircraft 
evaluated  in  this  comparison  have  the  same  design  maximum  payload,  cargo  compartment  size,  airport  performance, 
and  cruise  speed.  Inasmuch  as  each  of  the  systems  have  equal  capability,  the  effectiveness  is  the  same  excluding 
relatively  small  differences  in  reliability,  and  survivability.  Thus,  the  measure  of  cost  effectiveness  to  be  used  in 
comparing  these  aircraft  can  then  be  taken  as  the  life  cycle  cost  for  a  fixed  licet  size.  The  most  cost  effective  design 
is  the  one  with  the  lowest  life  cycle  cost. 

Life  cycle  cost  as  used  in  this  study  includes  costs  for  Research,  Development,  Testing  and  Evaluation  (RDT  &  F) 
plus  Acquisition  plus  10  years  of  Operating  and  Maintenance  (O  &  ML  The  (O  &  M)  costs  shown  in  this  paper  are 
for  10  squadrons  or  IhO  aircraft.  The  acquisition  costs  are  for  208  aircraft,  or  30%  more  than  the  operational 
squadron  level  to  account  for  command  support,  training  and  attrition  aircraft.  The  life  cycle  costs  represent  total 
costs  to  the  government,  including  all  support  costs.  These  costs  were  calculated  using  a  computerized  cost  model 
in  conjunction  with  a  Value  Engineering  analysis  of  airframe  manufacturing  and  tooling  cost  differences.  The  cost 
model  incorporates  Cost  Estimating  Relationships  (CER’s)  taken  from  three  sourccs:- 

ta)  A  R  ANI)  study  on  airframe  costs. 

< b )  A  cargo  aircraft  cost  model  developed  by  the  Advanced  Systems  Cost  Analysis  Group  within  the  Air 
Force  Aeronautical  Systems  Division. 

( c)  Lockheed  experience  on  previous  transport  aircraft. 

The  model  has  been  validated  for  that  portion  of  aircraft  life  cycle  costs  which  include  airframe  development  plus 
production  costs,  by  comparing  model  results  with  Lockheed  historical  cost  data  on  the  C-130A  and  C-I41A  aircraft. 
The  model  results  were  lower  than  the  actual  costs  on  both  aircraft,  hut  by  less  than  10%.  The  STOL  turbofan 
aircraft  in  this  study  depart  significantly  from  the  conventional  construction  methods  and  in  distribution  of  weight 
among  the  various  airframe  components,  therefore  a  modification  in  the  model  is  required  to  properly  account  for 
this  added  complexity.  To  account  for  this,  an  analysis  was  performed  to  determine  “complexity”  or  “cost  increase” 
factors  to  multiply  times  the  basic  code-generated  costs. 

This  study  showed  that  these  STOL  aircraft  differ  significantly  in  construction  cost  from  conventional  aircraft 
in  the  wing  truiling-edge  fixed  structure  and  in  control  surfaces.  These  differences  are  primarily  in  the  quantity  of 
mechanism  and  the  temperature  environment  in  which  the  structure  operates.  The  complexity  factors  for  this  study 
were  derived  by  dividing  the  estimated  production  cost  (considering  the  above  factors)  by  the  estimated  production 
cost  the  cost  model  would  predict  for  a  conventional  aircraft  of  the  same  size.  Tooling  cost  factors  were  estimated 
considering  required  eonstiuction  methods.  The  derived  factors  are  not  universal,  but  should  be  reasonably  accurate  for 
a  range  of  aircraft  sizes  near  the  point  designs  evaluated.  The  results  of  this  Value  Engineering  Study  were  airframe 
manufacturing  cost  factors  of  1.5  to  1.7  and  tooling  cost  factors  of  1.3  to  1.4. 

For  each  of  the  propulsion/lift  system  concepts  examined,  life  cycle  cost  as  a  function  of  design  wing  loading 
was  computed  using  the  design  characteristics  shown  in  Figure  17.  Figure  18  presents  the  results  of  this  study.  These 
cost  curves  are  used  to  aid  in  the  selection  of  the  preferred  point  design  among  the  several  generated  for  each  of  the 
three  propulsion/lift  systems  considered.  The  three  driving  factors  in  determining  the  shape  of  these  curves  are  air¬ 
frame  weight,  fuel  consumption  rale  and  engine  thrust  requirements  (see  Figure  17).  As  wing  loading  increases, 
aircraft  weight  decreases  while  engine  size  increases.  While  airframe  and  propulsion  costs  are  not  linearly  related  to 
weight  and  thrust,  respectively,  they  do  increase  as  these  two  parameters  increase.  The  behavior  of  the  fuel  consump¬ 
tion  rate  vs.  wing  loading  curve  depends  on  engine  thrust  requirements,  while  fuel  costs  are,  of  course,  linearly  related 
to  consumption  rate. 

In  Figure  18,  the  cost  curve  for  the  externally-blown  flap  system  is  minimum  at  approximately  1 10  lb/ ft2  while 
the  jet-llapMellected  thrust  system  cost  is  minimum  at  approximately  95  lb/ft2.  However,  the  curve  for  the  BL.C/ 
deflected  thrust  system  doe;  not  show  a  well-defined  minimum  within  the  wing  loading  range  considered.  The 
behavior  of  the  externally-blown  llap  and  jet-flap  curves  can  be  understood  by  referring  to  the  variations  of  airframe 
AMI’R  weight,  engine  size  and  fuel  consumption  rate  in  Figure  17.  For  the  externally-blown  flap  system,  the  weight 
decreased  in  going  from  9()  to  112  ft/lb2,  while  the  engine  size  increased  and  the  fuel  consumption  decreased  slightly. 
When  the  costs  driven  by  these  three  aircraft  characteristics  are  combined,  a  minimum  occurs  at  1 10  lb/ft2.  For  wing 
loadings  greater  than  this,  the  increase  in  propulsion  costs  combines  with  an  increase  in  fuel  costs  to  overcome  a  slight 
decrease  in  airframe  costs.  For  wing  loadings  less  than  90  lb/ft2,  the  large  increase  in  airframe  costs  is  the  controlling 
factor. 
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For  jet-ilap  system  a  minimum  cost  occurs,  but  at  a  lower  wing  loading  than  for  the  externally-blown  flap 
system.  Primarily,  this  is  because  the  reduction  in  weight  as  wing  loading  increases  is  not  as  pronounced  as  lor  the 
externally-blown  flap. 

The  lack  of  a  well  defined  minimum  cost  for  the  BLC  system  is  due  to  the  fact  that  the  airframe  weight  does 
not  decrease  rapidly  with  increasing  wing  loading  as  it  does  for  the  other  two  systems.  This,  in  turn,  incrt-ises  engine 
thrust  requirements.  The  net  result  of  these  changes  is  that  life  cycle  cost  for  the  BLC  system  is  fairly  insensitive 
to  wing  loading,  at  a  cost  level  slightly  higher  than  the  minimum  costs  of  the  other  two  systems. 


7.  SELECTION 

A  configuration  for  each  high-lift  concept  has  been  selected  and  significant  characteristics  of  each  configuration 
are  presented  on  Figure  1CL  Several  criteria  were  considered  in  this  selection  process,  including  stability,  control, 
control  power,  ride  qualities,  and  thrust  availability  as  well  as  cost.  In  this  particular  comparison,  selection  of  minimum 
cost  points  represented  a  reasonable  compromise  with  other  criteria  and  minimum  cost  was  used  to  make  the  final 
selection  for  each  component.  A  comparison  of  the  major  cost  components  for  each  configuration  is  presented  in 
Figure  20.  From  this  final  comparison  the  Externally-Blown  Flap  System  is  selected  as  most  promising  concept. 

This  final  selection  is  the  result  of  an  overall  comparison  of  the  three  systems  in  several  categories,  with  associated 
ratings  in  order  of  merit  as  shown  on  Figure  21. 

Life  Cycle  Cost  comparisons  show  the  Externally-Blown  Flap  System  with  a  cost  approximately  2.5'V  lower 
than  the  Jet-Flap  System  and  3.5 '/f  less  than  the  BLC  System.  The  number  of  unknowns  and  assumptions  inherent 
in  a  cost  analysis  such  as  this  lessens  the  importance  of  the  absolute  value  of  these  cost  results,  and  the  total  spread 
between  the  absolute  cost  data  is  only  3.571.  However,  this  could  represent  a  difference  in  300-400  millions  of 
dollars  in  relative  cost  and  it  is  in  this  context  that  these  data  are  most  meaningful. 

Handling  Qualities  include  stability  and  control  characteristics,  and  the  ranking  is  based  on  very  limited  test 
data  and  analysis.  One-engine-out  operation  is  the  major  consideration  in  this  ranking  and  favors  the  Jet-Flap  Sys'em 
because  of  the  cross-ducting  feature,  which  enables  the  pilot  to  trim  the  aircraft  laterally  by  differential  adjustment 
of  the  blowing  slot  areas.  This  operation  can  be  performed  manually  or  made  automatic  by  a  pressure-sensing  device. 
The  control  margin  of  the  Jet-Flap  System,  after  trim,  is  considerably  higher  than  that  of  the  other  two  systems. 

Operational  Qualities  include  reliability  and  maintainability.  Here,  the  ranking  is  based  on  apparent  complexity 
differences.  Although  the  Externally-Blown  Flap  is  ranked  highest  in  both  categories,  the  effect  of  engine  exhaust 
impingement  on  the  wing  and  Hap  structure  is  largely  unknown.  Even  though  heavily  reinforced  in  the  blast  areas, 
the  structure  will  be  subject  to  sonic  and  lower  frequency  fatigue  cycles.  The  other  two  systems  are  faced  with 
possible  failure  of  the  ducts  and  thrust  deflectors.  Short  of  operational  experience,  studies  in  much  greater  depth 
are  required  to  achieve  credible  ranking. 

Associated  Engine  Development  Risk  is  ranked  in  the  reverse  order  of  thrust  required.  Although  an  upper  limit 
was  established  on  the  basis  of  engine  manufacturer’s  proposals,  the  risk  involved  in  developing  a  new  engine  is 
inversely  related  to  the  degree  of  thrust  extrapolation  required  over  that  of  the  highest  rated,  present  generation 
engines. 

Finally,  the  matter  of  available  test  data  must  be  considered.  Since  BLC  systems  lure  been  extensively  tested 
in  llight  and  1 ;  the  wind-tunnel,  the  data  credibility  can  be  eonsideied  very  good.  Externally-Blown  Flap  configurations 
have  been  '.cd  in  the  wind-tunnels  of  NASA  and  aircraft  manufacturers.  Jet-Flap  Systems  of  various  types  have  had 
extensive  wind-tunnel  testing,  but  only  limited  llight  evaluation.  The  Jet-Flap  System  described  in  this  paper  has  not 
been  tested  hut  appears  to  have  very  promising  lift  augmentation  effects.  This  system  is  scheduled  for  testing  at  NASA 
Ames  within  the  next  year. 

Recommendation  as  to  which  system  should  he  selected  depends  on  the  operational  time  frame.  For  operation 
in  two  to  four  years,  the  Externally-Blown  Flap  System  would  be  a  logical  choice.  Beyond  this  point,  however, 
analysis  and  development  testing  in  greater  depth  may  well  point  to  the  Jet-Flap  System.  This  particular  study  is 
presently  being  refined  to  incorporate  recent  wind-tunnel  test  results  and  expanded  to  consider  other  concepts.  Cost 
effectiveness  will  surely  be  considered  in  these  studies. 

8.  OTHER  APPLICATIONS 

As  previously  mentioned,  cost  effectiveness  for  commercial  STOL  application  uses  another  approach  than  the 
military  procedures  just  discussed.  Direct,  indirect,  and  total  operating  costs  are  essential  to  the  determination  of 
system  economic  feasibility.  Il  is  therefore  necessary  for  an  aircraft  manufacturer  to  consider  these  costs  even  in 
the  early  stages  of  aircraft  development.  The  indirect  operating  costs  are  related  to  the  service  an  airline  choses  to 
offer  its  customers  and  therefore  is  difficult  to  consider  in  a  parametric  analysis.  However,  direct  operating  costs 
can  be  related  to  configuration  studies. 


l-'iuiirv  22  presents  .1  sn  111  iiki r\  of  those  items  which  go  lo  make  lip  direct  operating  cost.  I  lie  equations  which 
pei  111  it  the  calculation  of  these  costs  are  generally  based  on  historical  data  with  the  exception  of  the  airframe  and 
ciicinc  costs.  I  he  airframe  cost  is  a  function  of  the  airframe  weight  and  the  estimated  production  run.  whereas  the 
engine  cost  is  a  function  of  the  engine  thrust  and  the  estimated  number  of  engines  lo  be  produced.  All  of  these 
:  icons  can  be  made  a  part  ol  early  parametric  studies. 

\  recent  study  was  made  of  a  commercial  passenger  SIOI  aircraft  in  which  direct  operating  cost  was  considered 
1 1  < >1 11  the  beginning  ol  the  program,  l  itis  study  considered  such  variables  as  number  of  passengers,  field  length,  cruise 
speed,  and  range.  I  he  externally -blown  flap  high-lil  t  system  previously  described  was  chosen  as  the  basic  lift  system. 

In  this  particular  study  the  cost  cllecliveness  aspects  of  the  design  were  carried  to  even  greater  depth.  Data  was 
generated  to  compute  the  indirect  operating  costs  as  well  as  the  direct  operating  c<  >ls. 

\  particular  passenger  demand  was  established  in  order  to  provide  a  revenue  model.  With  a  method  now 
established  to  predict  both  cost  and  revenue,  the  analysis  could  now  be  extended  to  analyze  profit,  f  igure  2d  presents 
some  typical  results  of  this  study  which  shows  aircraft  weight,  direct  operating  costs,  and  finally  profit  as  a  function 
of  design  cruise  speed  and  field  length.  I  licse  data  are  relative  just  as  was  the  life  cycle  cost  discussed  earlier.  I  he 
absolute  level  may  not  be  extremely  accurate,  but  if  the  selection  of  aircraft  characteristics  can  be  related  to  profit 
the  exercise  is  well  worth  while. 


‘>.  CONCLUDING  REMARKS 

A  comparison  has  been  made  of  various  high-lilt  systems  integrated  with  lurbofan  propulsion.  In  selecting  a 
configuration  for  each  concept  and  ir  the  final  comparison,  consideration  was  given  to  the  aerodynamics,  propulsion, 
weight,  and  complexity  aspects  of  each  system  as  well  as  cost.  A  specific  study  methodology  was  used  in  this  com¬ 
parison  which  introduces  cost  effectiveness  into  the  early  phases  of  system  development,  flits  work  is  really  just 
begun  and  much  testing,  analysis,  and  development  must  occur  before  a  system  is  evolved  and  manufactured. 

I  he  cost  of  an  efficient  STOL  system  will  be  fantastic  and  such  a  system  will  have  a  widespread  effect  on  the 
environment  in  which  it  must  operate.  There  are  indications  that  any  SIOI.  system  developed  in  the  United  Stales 
will  have  to  recognize  the  requirements  of  the  military  and  commercial  customers  simultaneously.  This  will  mean 
that  the  cost  effectiveness  of  such  a  system  will  have  to  be  enaly/cd  using  both  approaches  just  discussed.  However, 
this  system  will  come  and  the  development  of  an  operational  turbofan  S  IOI.  transport  which  ulili/es  a  well  inte¬ 
grated  ptopulsive  high-lift  system  must  be  considered  as  one  of  the  real  challenges  to  the  airframe/propuision 
industries. 
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A  NEW  TECHNIQUE  FOR  AEROFOIL  LEADING-EDGE  STUDIES 


by 

J.  MONNKRIE;  O.N . E. R. A .  ,Chat illion-seus-Bagneux  }  Frnnce 

The  connection  of  flow  separation  bubbles  which  develop  near  an  aerofoil  leading-edge 
with  the  behaviour  of  a  wing  at  large  angles  of  attack  is  now  well  known.  To  study  in 
detail  6uch  bubbles  and  more  generally  all  flow  configurations  occurring  in  the  noBe  region, 
a  special  type  of  mounting  base  has  been  developed  recently  by  Erlich  and  Cabot  ( 1 )  at 
O.N.E.H.A.,  following  a  suggestion  by  Poisson-Quinton.  They  have  exploited  as  far  as  possible 
the  old  idea  that  the  flow  near  the  leading-edge  is  primarily  governed  by  the  location  of 
the  stagnation  point,  and  therefore  by  the  circulation  around  the  model. 

In  the  upper  half  of  Fig.  1,  we  have  drawn  the  whole  of  the  aerofoil  profile  whose 
leading-edge  is  to  be  studied.  The  aerofoil  total  chord  is  three-quarters  of  a  metre,  i.e. 
the  maximum  size  normally  tested  at  high  angles  of^attack  in  our  Cannes  wind-tunne-l.  This 
corresponds  to  a  maximum  Reynolds  number  of  2  x  10  when  referred  to  the  chord.  In  the  lower 
half  of  Fig.  1,  the  leading-edge  region  of  the  profile  has  been  enlarged  nearly  by  a  factor 
of  4,  to  make  up  a  new  model;  the  circulation  around  this  truncated  profile  i6  produced  by 
a  jet»flap  or  a  blown  flap,  while  an  appropriate  outline  joins  the  fore  and  aft  parts. 

The  similitude  of  the  two  models  has  been  verified  firstly  in  the  rheo-elec trie  tank; 
the  velocity  diagram  in  Fig.  2  shows  the  identical  nature  of  the  two  distributions  for  the 
case  of  a  profile  with  a  Handley  Page  slat.  Secondly,  the  similitude  has  been  also 
established  in  the  Cannes  wind-tunnel;  the  comparison  presented  in  Fig.  3  for  two  incidences 
shows  that  the  correspondence  is  quite  good,  despite  the  difference  in  Reynolds  numbers. 

The  theoretical  curve  corresponding  to  a  calculation  of  the  potential  flow  at  zero  Mach  number, 
together  with  the  typical  plateau  of  short  bubbles  on  the  experimental  curve,  can  also  be 
usefully  noted.  This  tool  of  research  has  not  yet  been  used  very  intensively,  but  the  following 
results  may  be  of  interest. 

(a)  Fig.  4  demonstrates  that  surface-flow  visualisation  at  the  large  scale  can  furnish  valid 
information  about  the  flow  near  the  leading-edge,  provided  that  a  cautious  interpretation  is 
made. 

(b)  Fig.  5  confirms  that  the  bubble  region  can  be  traversed  very  accurately  with  probes;  the 
upper  diagram  shows  the  iso-velocity  curves  in  this  region;  the  lower  diagram  shows  the 
typical  development  of  the  form  factor  H  which  is  the  ratio  between  the  displacement-thickness 
and  the  momentum-thickness.  H  varies  from  the  value  2.6  in  the  laminar  region  to  a  value  near 
1.4  after  transition,  passing  through  a  maximum  value  associated  with  the  separation. 

(c)  Fig.  6  summarises  complementary  studies  in  the  water-tunnel;  first,  the  model  with  its 
blown  flap  which  we  call  a  'Tetard' ,  i.e.  a  "tadpole"  in  English;  then  a  longer  bubble  with 
laminar  reattachment;  a  short  bubble  with  transition;  and  finally  a  perspective  view  showing 
the  reverse  flow  and  the  reattachment  flow. 
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/■OHIO  COMMENTS  ON  CIIAHACTEKISTJCS  OF  HIGH-LIFT  WINGS 

fay 


D.  N.  FOSTER,  R.A.F.. ,  Farnborough,  II. K. 


1 .  WING  WITH  mi  N  HI  NUNN  FLAPS  WITH  BnUNUA  RY-LA  Y  KR  CONTROL 


Wind-tunnel  tests,  under  as  near  to  two-dimensional  conditions  as  possible,  have  been 
carried  out  on  a  wing  section  with  plain  loading  and  trailing-edge  flaps  having  boundary-layer 
control  by  blowing  at  the  flap  knees.  A  range  of  flap  deflections  were  tested;  results  are 
presented  here  for  the  condition  with  no  leading-odge  flap  deflection  and  with  the  trailing-edge 
flap  deflection  20  .  In  addition  to  inviscid  flow  calculations  of  the  pressure  distribution 
around  the  isolated  wing  section  at  zero  Hach  number,  calculations  have  nee n  made  for  the 


isolated  wing  at  the  Hach  number  of  the  wind  tunnel  tests  (0.13)  by  the  icechod  of  Sells  (1), 
arjd  for  the  section  in  the  presence  of  the  tunnel  walls,  since  the  ratio  of  wing  chord  to 
tunnel  height  (4:13)  was  large.  Tho  effect  of  compressibility  on  lift  was  found  to  be  small, 
although  large  suction  peaks  (C  W  -15)  were  measured  at  the  leading-edge  at  high  angleB  of 

incidence.  The  tunnel  wall  effect  was,  however,  of  some  significance,  and  therefore  the 
results  calculated  with  wall  effects  have  been  taken  as  representing  the  inviscid  values  for 
comparison  with  the  wind-tunnel  results. 


This  comparison  has  been  made  in  Fig.  1,  where  these  results  have  been  superimposed  on 
some  of  a  series  of  experimental  results  for  different  momentum  coefficients.  Even  with 
boundary-layer  control,  the  experimental  lift-curve  slopes  are  lower  than  the  inviscid  values, 
so  that  the  momentum  coefficient  to  achieve  the  inviscid  lift  increases  with  angle  of  incidence. 
Fig.  2  shows  a  typical  comparison  of  the  inviscid  pressure  distribution  with  that  measured 
experimentally.  The  agreement  is  very  good,  except  near  the  flap  knee  where  the  contour 
considered  in  the  inviscid  calculation  is  of  necessity  different  from  the  actual  contour. 

Fig.  3  shows  the  results  of  measurements  of  the  sectionnl  drag  by  the  wake  survey  technique. 
These  curves  suggest  an  almost  constant  thru6t  recovery  of  ?0%  of  the  momentum  coefficient. 

Also  superimposed  on  the  carpet  is  a  line  corresponding  to  the  values  of  angle  of  incidence 
and  momentum  coefficient  at  which  the  inviscid  lift  coefficient  was  achieved;  this  line  is 
seen  to  lie  close  to  zero  wake  drag  throughout. 


To  summarise,  these  results  would  suggest  that  the  inviscid  lift  is  achievable  with  a 
momentum  coefficient  which  is  dependent  cn  the  angle  of  incidence  (or  the  lift);  that  under 
these  conditions  a  pressure  distribution  will  be  measured  which  is  very  similar  to  the  inviscid 
predictions;  and  that  sensibly  zero  drag  will  result. 


2.  DRAG  WITH  HIGH-LIFT  DEVICES  EXTENDED 

For  a  given  wing  at  a  given  angle  of  incidence  and  with  a  given  flap  deflection,  planar 
theory  (2)  can  predict  a  total  lift  coefficient  and  a  total  vortex  drag  coefficient  C^. 
These  can  be  expressed  as 
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where  f\C  is  the  lift  increment  due  to  wing  incidence  change  from  the  zero  lift  angle 
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It  can  be  shown  that,  within  the  same  linearised  framework,  the  profile  drag  may  be 
expressed  as 
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where  is  the  profile  drag  coefficient  due  to  the  thickness  distribution,  without 

incidence  or  camber, 


anc*  ^2  are  constants  related  to  the  chordwise  velocity  perturbations  due 
to  incidence  and  flep  deflection. 
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liquation  (  })  may  bp  rewritten  as 
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Whilst,  the  validity  of  applying  the  results  of  the  linear  zed  approximation  to  u  real 
case  is,  perhaps,  Ml  question,  it  is  of  interest  to  consider  wnat  follows  from  their  application 
to  some  existing  test  data  (1). 


The  c  >n f l gura t lull  to  be  cogsidcred  is  -shown  in  Fig.  4.  The  wing,  of  aspect-ratio  8.0 
and  quarter-chord  sweep-back  25  was  tested  with  and  without  a  fuselage,  and  had  Fowler  flaps 
extending  from  the  fuselage  side  ( 10%  semi-span)  to  65%  serai-span.  The  experimental  results 
have  been  analysed  by  subtracting  from  the  measured  drags  a  vortex  drag  derived  from  equation  (2), 


using  predicted  v  clues  of  K,, 


h  and  K  ,  and  measured  values  of  C  and 

d  3  L 


AC 


Lf 


For  the 


wing  +  fuselage  cases,  any  contribution  to  the  lift  and  drag  from  the  forces  on  the  front 
and  raar  fuselage  sections  has  been  ignored,  and  only  the  lift  and  drag  due  to  the  loading 
acros.i  the  wing  and  fuselage  at  the  wing-fuselage  junction  has  been  considered.  The  difference 
betwei.i  the  measured  drag  and  the  theoretical  vortex  drag  is  shown  (Fig.  6)  in  the  form 
suggested  by  equation  (a),  i.e.  relative  to  a  lift  coefficient  for  a  minimum  value  of  this 
difference.  The  value  of  5.,  and  the  slopes  of  the  lines  shown  in  Figs.  5  and  6  were  derived 
by  fitting  a  "least-squares”  parabola  to  that  portion  of  the  data  which  was  considered  to 
correspond  to  veil-attached  flow. 


tig.  6  shows  results  for  the  wing  with  the  flaps  retracted.  Two  points  are  noteworthy: 
first  that  the  lines  with  and  witlout  fuselage  are  parallel,  and  secondly  that  at  the  take-off 
condition,  (0.7  0^  )  the  departure  of  the  experimental  points  from  the  straight  line  is  in¬ 

significant.  Fig.  6  shows  the  results  of  the  annlysis  when  the  flaps  are  extended  and  deflected 
15  .  Again  the  lines  with  and  without  fuselage  are  parallel,  the  increment  due  to  the  addition 
of  the  fuselage  (  A[c^  -  C  ^  0.0115)  being  slightly  larger  than  for  the  flaps-up  case 

(  A[c^  -  C  j  =  0.0100).  The  slopes  of  the  lines  on  Fig.  6  are  3ome  20%  higher  than  for  the 
flaps-up  case,  and  now  the  take-off  condition  is  well  within  the  points  lying  on  the  line. 


The  main  inference  tlat  can  be  drawn  from  these  results  is  that,  at  least  to  the  point 
'  L  ma  x  1 
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lilt  HUNTING  11.12ft  JET-1  LAI*  RESEARCH  AIRCRAFT 


K.D.I  larris 


I  FUNDAMENTAL  CHARACTERISTICS  OF  THE  JET-FLAP 

The  jel-flap  principle.  ;nul  (lie  possibilities  of  applying  lliis  principle  in  .1  jel-pmpelleil  aeroplane.  were  First  con- 
eeiveil  at  the  National  C las  I  urhine  I  sialilishinem.  UK.  in  l'»52.  I  he  concept  was  nnulc  puhlie  in  I *>55  in  .1  lecture 
Id  the  Royal  Aeronautical  Society  hv  I.M  Davidson,  the  lead i nu  protagonist  ol  the  scheme.  I  he  pioneer  investigations 
at  N(!TH  and  NIM  dtiritt]!  this  early  peuod  were  Followed  over  the  nest  decade  by  extensile  espernnental  and  theo¬ 
retical  studies,  in  Britain  particularly  at  the  RAF  and  Huntings,  (A  comprehensive  list  ol'  pubUshal  British  References 
has  been  added  For  completeness  at  the  end  of  this  Seminar  Contribution  lulilnis ). 

Fite  aerodynamic  characteristics  which  in  principle  made  the  jet-flap  attractive  to  the  aircraft  designer,  particularly 
the  designer  of  STOP  aircraft,  are  of  course  - 

til  the  ability  to  develop  very  large  lift  coefficients  and 

(ii)  the  high  level  of  thrust  recovery  which  is  100'.’  in  ideal  inviseid  flow  however  great  the  jet  deflection  angle 
to  the  direction  of  night. 

It  is  beyond  the  scope  of  the  present  contribution  to  discuss  these  characteristics  tit  length.  However,  many 
wind-tunnel  tests  have  substantiated  that  very  high  lilt-coefficients  can  indeed  be  generated.  With  regard  to  the  thrust 
recovery  hypothesis,  it  should  be  mentioned  that  the  division  of  the  strcaimvise  force  into  thrust  and  drag  components 
must  always  be  arbitrary,  and  this  inevitably  introduces  difficulties  into  the  question  of  how  much  thrust  recovery  is 
obtained.  If  the  jet  flux  is  taken  as  that  leaving  the  trailing-edge  of  the  wing,  and  appropriate  allowance  is  made  for 
the  trailing-vorlex  drag  and  the  profile  drag,  then  experiment  shows  that  full  recovery  of  the  jet  momentum  flux  as 
propulsive  thrust  is  obtained  quite  closely  at  least  for  moderate  jet  angles.  However,  from  the  point  of  view  of  the 
aircraft  designer  it  must  be  remembered  that  owing  to  ducting  slot  iosses.  and  to  skin-friction/turning  losses  over  the 
mechanical  flap  which  forms  an  essential  port  of  any  practical  system,  the  jet  momentum  flux  leaving  the  trailing- 
edge  will  be  appreciably  less  than  that  which  would  be  obtained  from  a  conventional  engine  installation  with  a  short 
jet-pipe.  Indeed,  if  all  or  a  large  percentage  of  the  total  engine  efflux  is  discharged  in  the  form  of  a  jct-llap,  these 
losses  will  inevitably  be  fairly  large.  It  is  these  viscous  ducting  and  jet  deflection  thrust  losses,  together  with  the 
space  occupied  by  the  ducting  system,  which  reduces  the  otherwise  attractive  properties  of  the  jet-flap  to  such  an 
extent  that  it  no  longer  remains  an  obvious  choice  for  even  a  STOL.  aircraft. 


2.  DECISION  TO  BUILD  A  PILOTED  RESEARCH  AIRCRAFT 

The  exceptionally  high  lilt-coeffieients  that  the  jet-flap  offered,  together  with  the  remarkable  promise  of  substantial 
thrust  recovery,  led  to  the  early  decision  in  l‘)5ft  by  the  British  Ministry  of  Aviation  to  order  a  piloted  research  air¬ 
craft.  The  11.120  jet-flap  research  aircraft  was  then  designed  and  built  by  Huntings  (Luton  UK)  under  contract,  for 
a  Bight  research  programme  at  the  Royal  Aircraft  Establishment.  This  work  was  intended  not  only  to  ensure  essen¬ 
tial  High!  research  to  complement  wind-tunnel  and  'heoretical  studies,  but  also  to  provide  Flight-handling  experience 
of  value  more  generally  for  STOL  aircraft  with  high-lilt  wings. 

The  desirability  of  a  piloted  vehicle  was  obvious,  if  only  because  of  the  very  large  C,  -range  that  would  be 
made  possible.  However,  it  was  also  envisaged  that  novel  means  of  aircraft  control  entailing  deflection  of  the  jet-flap 
and  variation  of  the  jet-flap  thrust  might  be  investigated,  and  these  considerations  made  a  piloted  vehicle  essential 

In  the  I ‘EMI's  by-pass  engines  hail  not  been  developed,  and  it  was  quickly  realised  that  a  major  problem  would 
be  met  in  ducting  the  very  hot  and  relatively  low-pressure  gas  from  the  engine! s)  to  the  trailing-edge  of  the  wing. 

In  view  of  the  extreme  cost  of  developing  a  new  type  of  engine,  it  was  decided  that  the  research  aircraft  would  have 
to  be  powered  by  an  existing  unit  of  proven  reliability.  This  meant  that  the  aircraft  would  inevitably  have  a  very 
poor  overall  performance  when  judged  against  contemporary  aircraft.  Ibis  fact  must  always  be  kept  in  mind,  and 
no  deductions  regarding  the  potential  performance  of  the  jet-flap  should  be  drawn  from  the  ILI2(>  without  making 
full  allowance  for  this  very  severe  handicap  impTised  on  the  research  aircraft. 
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3.  PERFORMANCE  SPECIFICATION  OF  THE  RESEARCH  AIRCRAFT 


WIk'ii  llu-  specification  lor  llio  research  aircraft  was  being  drawn  lip,  the  highest  landing  C,  lor  most  jet 
aeroplanes  was  about  1.5.  a  value  not  greatly  exceeded  even  today,  t  he  bold  decision  was  taken  to  aim  for  a  usable 
<  I  of  lo  S.  to  exploit  fully  the  research  possibilities.  Eventually,  when  the  difficulties  attendant  on  using  an 

existing  pure  turbo-jet  engine  were  better  appreciated,  it  was  specified  that  the  aircraft  should  be  capable  of  developing 

a  usable  lift  coefficient  of  at  least  <>  with 

til  a  _()' speed  margin  from  the  Ig  stall,  and 

nil  the  ability  lo  vary  the  High!  path  from  at  least  level  flight  to  an  angle  of  descent  of  at  least  5U 

I  he  llight  control  system  was  to  be  designed  so  that  the  trailing-edge  llaps  could  be  geared  to  the  control  column, 

thus  permitting  investigation  of  the  novel  form  of  control  already  referred  to  in  Section  2. 


4.  BRIEF  DESCRIPTION  OF  THE  AIRCRAFT 


4.1  General  Arrangement 

A  general  arrangement  drawing  of  the  aircraft  is  shown  in  Figure  I.  The  main  features  are  the  fairly  large  aspect- 
ratio.  shoulder-high  wing;  the  large  fin  and  high-set  t  oil  plane ;  and  the  rather  deep  fuselage  housing  an  Orpheus  turbo-jet 
engine  under  the  single  seat  cockpit,  flic  tricycle  undercarriage  was  not  made  retractable  because  interest  was  mainly 
in  low-speed  llight. 

With  a  maximum  all-up  weight  of  about  10,700  lb,  (47,b00  newtons)  and  a  wing  area  of  217  ft2  (20.1  in2),  the 
wing  loading  is  about  50  llvfl2  (2,570  N/m2 ).  To  keep  the  engine  jet  temperature  to  not  more  than  620°C,  the 
basic  Orpheus  engine  had  lo  be  de-rated  from  a  test-bed  thrust  of  about  5.000  lb  (22,200  N)  to  about  4,300  lb 
t  |d,|()()  N).  However,  since  15'.'  of  the  engine  efflux  is  continuously  used  for  control  and  autostabilisalion  purposes, 
and  because  of  the  large  thrust  losses  incurred  in  ducting  the  efflux  through  the  fuselage  and  wings,  the  effective 
propulsive  thrust  from  the  nozzles  is  slightly  less  than  3,000  lb  ( 13,300  N). 

l  he  use  of  only  a  single  engine  in  an  aircraft  so  vitally  dependent  on  powered  lift  calls  for  some  comment.  In 
all  the  early  project  work  two  engines  were  used,  but  lack  of  availability  of  suitable  engines  coupled  with  the  diffi¬ 
culties  of  designing  a  suitable  ducting  system  led  ultimately  to  the  decision  to  use  a  single  engine.  Safety  for  the 
pilot  was  to  be  assured  by  provision  of  a  “zero-zero”  ejector  seat;  whilst  the  risk  of  losing  the  aircraft,  in  the  event 
of  an  engine  failure  during  critical  stages  of  the  landing  and  take-off  manoeuvres,  was  accepted  as  a  necessary  price 
to  pay  for  the  other  advantages  in  using  a  single  engine. 


4.2  Wing 

A  high  wing  configuration  was  chosen  to  minimise  the  loss  o.  \max  and  other  adverse  interference  effects 
produced  by  ground  effect  under  high-lift  conditions.  The  aspeet-ra  j  of  about  0  was  estimated  to  he  the  optimum 
compromise  between  a  high  aspect-ratio  to  minimise  trailing-vortex  drag,  and  a  low  aspect-ratio  to  minimise  ducting 
losses,  /.ero  sweepback  on  the  I  lap  hinge  line  was  chosen  since  interest  was  primal  ily  in  low-speed  night. 

I  lie  most  abnormal  characteristic  of  the  wing  is  the  thickness  of  the  aerofoil  section.  The  section  is  NACA 
4424.  having  a  thickness-chord  ratio  of  24'..  One  major  reason  for  such  a  high  thickness  was  to  accommodate  the 
large  diameter  ducts  which  are  required  to  keep  the  ducting  losses  to  an  acceptable  level.  The  large  thickness-ratio 
and  camber  were  also  favoured  to  permit  the  development  of  very  high  lift-coefficients  without  the  additional  need 
for  leading-edge  devices  such  as  a  slat  and/or  boundary-layer  control  by  nose  blowing.  A  further  advantage  is  the 
large  nose  radius  of  the  trailing-edge  Hap  which  reduces  the  losses  incurred  in  turning  the  jet  sheet. 


4.3  Ducting  System 

l  he  ducting  system  is  illustrated  in  Figure  2.  Division  of  the  engine  efflux  is  as  follows:- 

i.e.  85'?  for  propulsion 

used  for  control  purposes 
used  for  auto-stabilisation 


Jet-flap 

55'? 

Direct  thrust  nozzles 

30' ; 

Pitch  control  jets 

5'? 

Yaw  control  jets 

5  '!< 

Roll  control  jets 

5',? 

In  the  early  project  schemes  all  the  propulsion  was  to  have  been  supplied  in  the  form  of  a  jet-flap,  as  in  the 
oiigm.il  \GII  concept.  However,  it  was  found  that  the  overall  propulsive  efficiency  could  be  much  improved  by 
restricting  the  jet-flap  to  a  strength  just  sufficient  to  generate  the  specified  lift-coefficient.  The  jet  How  released  by 
this  was  ducted  to  direct  thrust  nozzles  positioned  at  such  a  distance  below  the  centre  of  gravity  that  a  nosc-up 
pitching  moment  was  produced  approximately  cancelling  out  the  nose-down  moment  of  the  jet-flap. 
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5.  THRUST  LOSSES 

Despite  the  use  of  the  largest  possible  ducts  that  could  be  accommodated  in  the  thick  wing,  the  loss  of  gross 
thrust  from  the  engine  turbines  exit  to  the  jet-flap  nozzles  amounts  to  about  22'?.  A  further  substantial  loss  occurs 
owing  to  skin  friction  over  the  14'?  chord  mechanical  flap. 

Whilst  this  very  severe  loss  of  gross  thrust  arising  from  viscous  ducting  and  turning  effects  is  not  necessarily 
typical  of  jet-flapped  aeroplanes,  it  nevertheless  seems  likely  that  this  will  always  remain  a  major  problem  in  any 
design  whick  seeks  to  exploit  the  jel-llap  to  a  significant  extent. 


6.  STABILITY  AND  CONTROL  PROBLEMS 

Several  severe  stability  and  control  problems  were  revealed  by  analytical  and  wind-tunnel  studies  during  the 
design  stage.  These  arose  primarily  from  the  very  large  incidence  and  lilt-coefficient  range  for  which  the  aeroplane 
was  designed. 

The  longitudinal  problems  included  the  following:- 

(i)  A  large  nose-down  pitching  moment  from  the  jct-llap; 

(ii)  A  large  variation  in  restoring  margin  over  the  incide  e  range  owing  to  the  high  location  of  the  wing 
relative  to  the  centre  of  gravity; 

(iii)  A  strong  nose-down  change  of  trim  on  landing  owing  to  the  large  reduction  of  downwash  at  the  tail  plane : 

(iv)  Flight  at  speeds  far  below  the  minimum  drag  speed. 

Had  nothing  been  done  to  alleviate  the  large  nose-down  pitching  moment  produced  by  the  jet-flap,  there 
would  have  been  a  substantial  loss  in  trimmed  lift-coefficient.  It  would  also  have  led  to  a  large  static  margin  in 
relation  to  the  manoeuvre  margin,  and  to  a  highly  unstable  pluigoid  mode.  All  of  these  problems  were  much  dimin¬ 
ished  by  the  re-division  of  the  propulsive  llow  which  has  already  been  referred  to  in  Section  4.3.  It  was  planned  to 
fit  infinitely  variable  thrust  spoilers  to  the  direct  thrust  nozzles,  so  that  the  propulsive  thrust  could  be  modulated  to 
give  the  required  angle  of  descent  for  landing,  and  to  control  the  (light  path. 

Further  improvements  in  both  stability  and  control  were  effected  by  suitable  gearing  of  a  pitch  jet  to  the  aii- 
moving  tailplane  and  geared  elevator. 

The  lateral  and  directional  problems  involved:* 

(i)  A  stongly  unstable  spiral  mode  at  high  Ct ’s  ,  the  time  to  double  amplitude  being  about  2  seconds  at  a 
C'L  of  (i. 

(ii)  A  large  reduction  in  weathercock  stability  when  spoiling  the  thrust  from  the  direct  thrust  nozzles. 

(iii)  A  large  adverse  yawing  moment  from  the  ailerons  at  high  C,  ’s  . 

(iv)  Low  damping  in  yaw  under  certain  conditions  of  (light. 

(v)  Poor  entry  into  banked  turns  at  high  (j 's  . 

With  regard  to  the  spiral  stability  problem  it  is  well  known  that  the  criterion  for  positive  stability  is 
lv  n r  nv  lr  >  0 

For  satisfactory  characteristics  in  the  other  lateral  and  directional  modes  of  motion  it  is  necessary  that  nr  shall  be 
negative,  and  nv  positive.  Now  lr  is  naturally  positive,  and  this  always  makes  the  second  term  destabilising.  Since 
lr  tend ;  to  be  proportional  to  .  the  destabilising  influence  increases  continuously  with  increase  of  C,  .  li¬ 
the  normal  way.  spiral  stability  is  achieved  bv  using  wing  dihedral  to  make  lv  negative.  However,  in  the  present 
instance  lv  tended  to  become  progressively  more  positive  with  increase  of  incidence.  Hap  angle  and  jet  momentum 
coefficient.  Attainment  of  a  sufficiently  negative  value  of  lv  at  high  (j  would  have  required  extremely  large 
dihedral  leading  to  a  grossly  excessive  negative  value  at  low  (j  \s  .  and  to  quite  unacceptable  characteristics  in  the 
other  lateral  and  directional  modes. 

Theoretical  and  experimental  work  showed  that  the  observed  tendency  for  lv  to  become  positive  at  high  values 
of  C|  is  a  fundamental  feature  of  wings  of  high  aspect-ratio.  It  was  therefore  decided  that  autostabilisation  would 
have  to  be  used  to  overcome  the  spiral  instability  problem.  Essen t  illy  this  was  done  by  reducing  1,  to  make  the 
second  term  in  the  above  criterion  less  destabilising.  Detailed  calculations  were  made  to  optimise  the  overall  perfor¬ 
mance  of  this  system,  and  it  was  found  that  the  use  of  a  roll  jet  to  provide  the  required  rolling  moment  would  be 
simpler  and  much  better  than  using  the  ailerons. 
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I  lie  reduction  in  weathercock  stability  with  spoiling  of  the  direct  thrust  was  no!  studied  in  detail,  but  was 
probably  due  to  a  jet  efflux  interference  effect  over  the  rear  part  of  the  fuselage  and  the  fin.  Positive  weathercock 
stability  is  usually  a  fairly  fine  balance  between  a  stabilising  fin  effect,  and  a  destabilising  fuselage  effect.  A  relatively 
small  interference  effect  can  then  have  a  significant  influence  on  the  overall  balance  of  moments. 

Compensation  for  the  adverse  yawing  moment  of  the  ailerons  was  provided  by  gearing  the  yaw  jets  to  the 
ailerons. 


7.  STALLING  CHARACTERISTICS 

file  most  important  single  factor  to  merge  from  the  flight  tests  was  the  severity  of  the  stalling  behaviour.  Early 
wind-tunnel  tests  had  in  fact  exhibited  abrupt  and  large  decrease  in  lift  at  the  stall  for  high  momentum  and  lift 
coefficients. 


With  the  engine  fully  throttled  the  stall  was  quite  gentle,  as  expected.  However,  with  somewhat  increased  engine 
thrust,  and  a  momentum  coefficient  C^  of  only  about  0.1.  the  stall  became' very  sharp  with  no  natural  warning. 

Wing  drops  of  up  to  (4)"  were  experienced,  with  either  the  port  or  starboard  wing  dropping.  With  further  increase 
in  ('  the  stall  tended  to  become  even  more  violent,  still  with  either  wing  stalling  first. 

blow  visualisation  in  flight,  by  means  of  surface  tufts,  showed  that  the  stall  commenced  with  separation  of  the 
How  on  the  inner  part  of  either  the  port  or  starboard  wing  at  about  mid-chord.  The  separation  then  spread  almost 
instantaneously  over  most  of  that  half  of  the  wing,  whilst  the  opposite  wing  remained  unstalled  during  the  whole  of 
the  ensuing  motion. 

Wind-tunnel  tests  made  to  study  the  stall  behaviour  showed,  despite  a  low  Reynolds  number  of  about  0.5  x  10'“ 
(based  on  wing  mean-chord)  an  almost  identical  behaviour  to  that  at  full  scale.  An  increase  of  incidence  of  2°  to  4° 
was  necessary  to  make  the  other  half  of  the  wing  stall.  It  can  only  be  presumed  that  the  discontinuity  produced  by 
the  fuselage  provided  an  effective  barrier  to  the  spread  of  the  initial  separation.  The  redistribution  of  the  spanwise 
loading  resulting  after  the  stalling  of  one-half  of  the  wing  would  then  have  induced  an  increase  in  downwash  over 
the  unstalled  half  of  the  wing,  thus  leading  to  the  observed  increase  in  stalling  incidence. 

When  the  model  stall  characteristics  were  found  to  be  similar  to  the  full-scale  characteristics,  it  was  decided  to 
use  the  model  to  study  how  the  behaviour  could  be  improved.  Devices  which  caused  the  How  to  separate  early  over 
the  inboard  part  of  the  wing  proved  useless,  as  the  separation  (once  provoked)  still  spread  almost  instantaneously 
over  the  wing  on  which  it  started,  f  ences  of  various  shapes  and  sizes  were  tried,  but  these  proved  equally  ineffective. 

Much  the  most  effective  device  that  was  found  was  a  leading-edge  slat  covering  the  outer  90'3  of  the  exposed 
wing  span.  A  very  strong  vortex  was  shed  from  the  inboard  end  of  the  slat.  This  caused  the  inner  unslatted  portion 
of  the  wing  to  stall  early,  hut  it  was  successful  because  it  contained  the  separation  for  several  degrees  of  incidence. 

As  a  result  of  this  the  ailerons  retained  much  of  their  power,  and  tests  showed  that  they  would  have  been  able  to 
overcome  the  rolling  moment  due  to  asymmetric  stalling  of  the  inner  part  of  the  wing. 


K.  CONCLUDING  REMARKS 

It  must  be  stressed  that  the  H.126  aircraft  was  conceived  and  designed  over  a  decade  ago.  essentially  for  the  first 
lliglit  research  on  jet-flaps  and  not  for  project  development.  Naturally,  it  has  been  possible  to  discuss  only  briefly  here 
some  of  the  extensive  Right  experience  obtained  by  RAE  and  Hunting  Aircraft  BAG  during  the  period  1963-67. 
as  well  as  to  refer  only  briefly  to  the  extensive  complementary  studies  (wind-tunnel  and  analytical)  conducted  during 
the  design,  constructional  and  operational  phases. 

Unfortunately,  the  Right  test  programme  had  to  be  curtailed  due  to  financial  restrictions  and  lack  of  practical 
interest  in  jet-Rap  applications  at  the  time.  In  particular,  although  the  ultimate  fitting  of  thrust  reversers  to  the 
direct  thrust  nozzles  had  always  been  envisaged,  these  were  not  in  fact  fitted,  so  that  landing  approaches  under 
high-lilt  conditions  and  associated  ground  effects  could  not  be  explored  in  Right.  It  is  worth  adding  that  some  full- 
scale  wind-tunnel  tests  have  recently  been  carried  out  by  NASA  on  the  unmodified  aircraft  in  their  Ames  40  ft.  x  80  ft. 
tunnel.  Also,  it  is  stdl  to  be  hoped  that  the  unmodified  aircraft  may  yet  be  used  for  Right  investigation  at  the  fairly 
high  lift-coefficients  which  are  likely  to  b'  employed  in  the  not  too  distant  future  with  STOI.  aircraft. 


14-5 


PUBLISHED  BRITISH  REFERENCES  OK  JET-FLAP  AERODYNAMICS 


GENERAL 


1. 

Davidson,  I.  M, 

The  Jet  flap. 

J.  Hoy.  Ae.  Soo.  Vcl.  60,  pp  25-50;  1965. 

2. 

Stratford,  P.  S. 

Early  thoughts  on  the  jet  flap. 

Ae.  Quart.  Vol.  7,  pp  45-59;  1956. 

3. 

Stratford,  P.  S. 

Mixing  and  the  jet  flap, 

Ae.  Quart.  Vol.  7.  PP  85-105;  1956. 

4. 

Williams,  J. 

British  research  on  the  jet-flap  schemes. 

Z.  Flugwiss.  Vol.  6,  pp  170-176;  1958. 

5. 

Williams,  J. 

Some  British  research  on  the  basic  aerodynamics  of  powered  lift  systems. 

J.  Hoy.  Ae.  Soc.  Vol.  64,  pp  413-437;  1560. 

6. 

Williams,  J. 

Butler,  S.  P.  J, 
Wood,  M.  N. 

The  aerodynamics  of  jet  flaps. 

ARC  R&M  3304;  1961. 

7. 

Williams,  J. 

Recent  basic  research  on  V/STOL  aerodynamics  at  RAE, 

Z.  Flugwiss.  Vol.  14,  PP  257-276;  1966. 

EXPERIMEKEAl 

8. 

Dimmock,  H.  A. 

An  experimental  introduction  to  the  jet  flap. 

ARC  Current  Paper  344;  1955. 

9. 

Dimmock,  K.  A. 

Some  further  jet-flap  experiments. 

ARC  Current  Paper  345;  1956. 

10. 

Dimmock,  W.  A. 

Some  early  jet-flap  experiments. 

Ae.  Quart.  Vol.  8,  pp  331-345;  1957. 

11. 

Williams,  J, 
Alexander,  A.  J. 

Three-dimensional  wind-tunnel  tests  of  a  30°  jet-flap  model. 

ARC  Current  Paper  304)  1955. 

12. 

Williams,  J, 
Alexander,  A.  J. 

Some  exploratory  three-dimensional  jet-flap  experiments. 

Ae.  Quart.  Vol.  8,  pp  21-30;  1957. 

13. 

TJilliams,  J. 
Alexander,  A.  J. 

Some  exploratory  jet-flap  tests  on  a  60°  delta  wing. 

ARC  R&M  3138;  1957. 

14. 

Alexander,  A.  J. 
Williams,  J. 

Wind-tunnel  experiments  on  a  rectangular-wing  jet-flep  model  of  aspect 
ratio  6. 

ARC  R&M  3329;  1961. 

15. 

Butler,  S.  F.  J. 
Guyett,  M.  B. 

Six-component  low-speed  tunnel  tests  of  jet-flap  complete  models  with 
variation  of  aspect  ratio,  dihedral  and  sweep-back,  including  the  influence 
of  ground  proximity. 

ARC  R&M  3441;  1961. 

16. 

Huggett,  D.  J. 

Ground  effect  on  the  jet-flap  in  two -dimensions. 

Ae.  Quart.  Vol.  10,  pp  28-46;  1959. 

1 1 

KX gamma  ( continued ) 


17. 

Wood,  M.  N. 

Comparative  thrust  measurements  on  a  series  of  jet-flap  configurations  and 
circular  nozzles. 

ARC  Current  Taper  616)  1962. 

18, 

Sutler,  S.  F.  J. 

Moy ,  B .  A . 

Hutctiins,  C.  D. 

Low-speed  tunnel  tests  of  an  aspect-ratio  9  jet-flap  complete  model  with 
ground  simulation  by  moving  belt  rig. 

ARC  Current  Paper  849)  1964. 

19. 

Cox,  A.  P. 

Butler,  S.  F.  J, 

Low-speed  wind-tunnel  measurements  of  damping  in  yaw  (nl)  on  an  aspect- 
ratio  9  jet-flap  complete  model. 

ARC  Current  Paper  869)  1965. 

20. 

Foster,  D.  N, 

Exploratory  low-speed  tunnel  tests  of  part-span  flap  and  fuselage  effects 
on  a  high  lift  wing. 

RAE  TR  65288;  1965. 

THEORETICAL 

21. 

Woods,  L.  C. 

Some  contributions  to  jet-flap  theory  and  to  the  theory  of  source  flow  from 
aerofoils . 

ARC  Current  Paper  388;  1958. 

22. 

Haskell,  E.  C. 

Gates,  S.  B. 

Preliminary  analysis  for  a  jet-flap  system  in  two-dimensional  inviscid  flow. 
ARC  Current  Paper  359;  1955. 

23. 

Spence,  D.  A. 

The  lift-coefficient  of  a  thin  jet-flapped  wing. 

Proc.  Roy.  Soo.  A,  Vol.  238,  pp  46-68;  1956. 

24. 

Spence,  D.  A. 

The  lift  on  a  thin  aerofoil  with  a  jet-augmented  flap. 

Ae.  Quart.  Vol.  9,  PP  287-299;  1958. 

25. 

Haskell,  E.  C, 

Spence,  D.  A. 

A  theory  of  the  jet-flap  in  three-dimensions. 

Proc.  Roy.  Soo.  A.  Vol.  251,  pp  407-425)  1959* 

26. 

Kuchemann,  D, 

A  method  of  calculating  the  pieBsure  distribution  over  jet-flapped  wings. 

ARC  RAM  3036;  1956. 

27. 

Ross,  A,  J, 

The  theoretical  evaluation  of  the  downwash  behind  jet-flapped  wings. 

ARC  RAM  3119)  1958. 

28. 

Thomas,  H.  H.  B.  M. 
Ross,  A.  J. 

The  calculation  of  the  rotary  lateral  stability  derivatives  of  a  jet- 
flapped  wing. 

ARC  RAM  3277)  1958. 

29. 

Taylor,  A.  S, 

A  theoretical  investigation  of  the  longitudinal  stability,  control  and 
response  characteristics  of  jet-flap  aircraft. 

ARC  RAM  3272)  i960. 

30. 

Hancock,  C.  J. 

The  ground  effect  on  a  two-dimensional  jet-flapped  aerofoil. 

Queen  Mary  College  (London) . 

31. 

Huggett,  D.  J. 

A  theoretical  study  of  the  ground  effect  on  a  Jet-flap. 

Southampton  University  Report  OSAA  112)  1959. 

32. 

Haskell,  F.  C. 

The  interference  on  a  three-dimensional  jet-flap  wing  in  a  closed  wind-tunnel, 
ARC  RAM  3219)  1959. 

33. 

Spence,  D.  A. 

The  theory  of  the  Jet  flap  for  unsteady  motion, 

J.  Fluid.  Mech.  Vol.  10,  pp  237-258;  I96I. 

15-1 


1 


AERODYNAMIC  RESEARCH  ON  HIGH-LIFT  SYSTEMS 
I'olis  Mavriplis 


1.  INTRODUCTION 

Research  on  high-lift  systems  is  part  of  an  overall  effort  at  Canailair  to  develop  aerodynamic  technology  for 
future  applications  to  advance  aircraft.  The  objectives  of  this  effort  is  to  develop  analytical  and  experimental  methods 
for  dealing  with  complex  aerodynamic  problems  representative  of  realistic  situations  of  flight  vehicle  operations.  The 
work  is  carried  out  under  two  programs  which  are  funded  jointly  by  Canadair  and  the  Defence  Research  Hoard  of 
Canada: 

(a)  M  \anical  High-Lift  Systems  Research  and  Development  DIR  Project  A-l  I. 

(b)  Mathematical  Applications  in  Aerodynamic  Design  and  Analysis  Procedures  DIR  Project  A-l 5. 

Some  aspects  of  two-dimensional  How  research  on  high  lift  systems  carried  out  under  these  projects  are  discussed 
herein. 

First,  a  theoretical  method  is  described  which  was  developed  lor  calculating  two-dimensional  potential  flow 
about  multi-element  high-lift  airfoils,  The  method  is  based  on  the  distribution  of  vorlicity  on  the  airfoil  contour. 

Second,  a  wall  blowing  technique  is  described  which  was  developed  for  testing  effectively  complex  high-lift 
models  in  the  wind  tunnel.  This  technique  is  essential  for  obtaining  true  two-dimensional  data  for  airfoils  in  the 
high-lift  condition.  It  was  used  in  a  scries  of  tests  carried  out  to  study  the  effect  of  leading-edge  and  trading-edge 
devices  on  the  aerodynamic  characteristics  of  a  17','  and  a  I  O',  thick  airfoil. 

Finally,  comparisons  of  calculated  and  experimental  data  obtained  on  some  of  the  complex  configurations  tested 
are  presented  to  demonstrate  the  usefulness  of  the  methods  described  here.  Ilow  these  methods  can  be  used  to 
design  better  high-lift  systems  is  shown  by  discussing  a  Kruger  leading-edge  device  which  was  designed  with  the  aid 
of  the  vorticity  distribution  computer  program.  As  predicted,  significantly  better  high-lift  performance  was  achieved 
with  this  device  than  with  a  slat  which  was  designed  by  conventional  methods  and  optimized  in  the  wind  tunnel. 


2.  A  VORTICITY  DISTRIBUTION  METHOD  FOR  CALCULATING  TWO-DIMENSIONAL 
POTENTIAL  FLOW  ABOUT  MULTI-ELEMENT  AIRFOILS 

For  the  study  of  high-lift  systems,  a  method  was  developed  at  Canadair  which  can  calculate  potential  flow 
pressure  distributions  on  airfoils  of  arbitrary  thickness  and  camber  with  deflected  leading-edge  devices  and  multi- 
slotted  flaps1.  The  method  uses  a  continuous  vortex  distribution  on  the  contour  of  each  airfoil  and  is  basically 
exact. 


The  two-dimensional  inviscid  incompressible  flow  qround  the  airfoil  is  represented  by  superposition  of  a  uniform 
flow  U^  at  an  angle  a  to  the  x-axis  and  the  flow  induced  by  an  infinitely  long  closed  vortex  slicei  naving  the  air¬ 
foil  contour  as  a  cross  section  (Fig.  1 1.  The  distribution  of  vortex  density  -yf  s )  along  the  contour  is  determined  so 
that  the  resulting  velocity  from  the  superposition  is  tangential  to  the  exterior  surface  of  the  contour  at  all  points. 

The  airfoil  contour  is  assumed  to  be  composed  of  small  Hat  vortex  sheet  elements,  each  with  a  uniform  density  yv 
which  may  vary  from  clement  to  element. 


A  solution  is  obtained  by  specifying  zero  internal  tangential  velocity  at  the  midpoint  of  each  surface  element 
s„  .  This  tangential  velocity  is  the  sum  of  three  components:  the  free  stream,  the  integrated  effect  of  all  flat  vortex 
sheet  elements  s„  on  /a  and  the  velocity  induced  by  the  vorticity  of  element  s^  at  its  own  midpoint.  Martensen2 
has  shown  that  for  a  closed  body  represented  by  a  continuous  vortex  distribution  on  the  surface,  the  condition  of 
zero  internal  tangential  velocity  is  equivalent  to  that  of  zero  external  normal  velocity,  and  that  the  external  tangential 
velocity  v(s)  is  equal  to  vortex  density  yts)  .  Martensen's  approach  leads  to  the  following  integral  equation  for 
the  unknown  velocity  distribution  on  the  airfoil  surface: 


vts  ) 

-  +  £v(s)K(s  ,s)  ds  = 


(I) 


J i 


l  or  the  numerical  solution  of  liquation  ( 1 ),  Martensen  replaced  the  continuous  vortex  distribution  by  isolated  vortices 
at  contour  points  chosen  at  equal  intervals  of  an  angular  parameter.  The  same  approach  is  used  also  by  Jacob3  who 
improved  Martensen's  method  and  developed  the  method  for  multiple  airfoils. 


In  the  present  method,  liquation  I  I )  is  first  written  as 


vt  s^  )  t  4>v(  s)K(s^.s)  ds  -  U„ 
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.  ds  . 
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(2) 


Initiation  i3t  is  replaced  by  a  set  of  M  linear  equations  for  M  flat  vortex  sheet  elements  representing  the  airfoil 
contour 


where 


M 

£  =  R„  • 

u  i 


p  =  1.2.3...  .M  . 


(3) 


is  an  influence  coefficient  which  is  derived  by  considering  the  tangential  velocity  at  the  midpoint  of  element  s^ 
induced  by  a  flat  vortex  sheet  clement  sp  of  unit  vortex  density,  yv  =  I  .  From  Figure  2  we  obtain  for  the  tan¬ 
gential  velocity 


=  <v£d  ‘■•os/3  +  vr)v  sin  0)  cos  6  +  (v^  eos|3  sin  3)  sin  6  .  (4) 

where 

y,j  yv  t„  r. 

=  Xj)  =  —  e  ,  v  =  —  loge  —  (Reference  4). 

2ir  2^ r  1  2n  r2 

For  y -  I  .  liquation  (4)  gives  the  influence  coefficient 
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loge  —  cos  P  e  sin  p 
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All  the  terms  of  liquation  (5)  can  be  calculated  from  the  known  x-  and  y-coordinates  of  elements  s^  and  s,,  . 
For  v  -  p  ,  the  velocity  induced  by  a  uniform  vortex  sheet  element  at  a  point  close  to  its  interior  surface  is  y^/2  , 
so  that  the  theoretical  value  of  influence  coefficient  =  -1/2  .  This  means  that  one  half  of  the  total  external 
tangential  velocity  at  p  is  due  to  the  vorticity  of  elements  s^  alone.  Therefore  a  simple  way  of  improving  the 
accuracy  of  the  method  is  to  adjust  the  values  by  accounting  for  the  curvature  of  the  elements.  By  taking 

the  midpoint  of  the  curved  rather  than  the  flat  element  as  the  control  point,  we  obtain 

1  0 

K  ~  —  ±  —  .  (ft) 


where  0  is  the  subtending  angle  of  circular  arc  s  .  The  positive  sign  is  for  convex  and  the  negative  for  concave 
elements. 

I  he  system  of  liquations  (3)  is  solved  for  three  basic  flows,  two  translatory  and  a  pure  circulatory  flow.  i.e. 

(a)  for  U.  =  I  .  ot  =  ()"  and  v^  =  b  ( no  circulation) 

Rh»  =  _ -Ml 

U  *g  • 

(b)  for  ll„  -  !  ,  cr  =  l>(f  and  v^  =  0 

R(b)  =  ZH2 - yJL±  , 

let  lor  l!„  =  0  .  v^  =  I  (pure  circulation,  uniform  velocity  distribution) 
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This  results  in  three  sets  of  velocity  distributions,  i.e.  and  ,  These  are  superiiniiosed  alter  being 

eorreeled  Tor  the  proper  angle  of  attack  a  and  proper  circulation,  to  obtain  the  total  tangential  velocity  distribution 


cos  a  +  v',b>  sin  a  T  vJ;c*C|. 


(7) 


v  =  i.:...m  . 


'Hie  correction  factor  Cp  for  the  proper  value  of  circulation  is  determined  by  satisfying  the  Kutla  condition 
as  follows:  the  tangential  velocities  at  the  midpoints  of  the  upper  and  lower  surface  elements  adjacent  to  the  trailing 
edge  are  sel  to  be  equal,  i.e. 


v,  r  vS)  =  I) 


Applying  this  condition  to  the  three  basic  flows  gives 


(v,  *-  vM  )(a|  cos  a  +  l  +  vM  )(bl  sin  a  +  tvf  t  vs|  )*e)C|- 


=  0 


hence 


(v  +  vM  ),a|  cos  a  +  iv(  +  vy  I*1’1  sin  a 

(V,  f  vM 


Hie  velocity  distribution  is  then  used  for  calculating  the  pressure  distribution. 


(  =1  v2 

p  v 


v  =  I.2...M 


and  the  lift  coefficient  for  reference  chord  c  . 


(8) 
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The  x-  and  y- force  coefficients  and  the  moment  coefficients  arc  obtained  by  numerical  integration  of  the 
pressure  dixi ,  ibution. 

For  multiple  airfoils  the  number  of  flat  vortex  sheet  elements  is  increased  to  represent  each  airfoil  by  a  closed 
contour  and  the  approximate  Kutta  condition  is  applied  to  each  airfoil.  In  addition  one  must  consider  the  influence 
of  all  the  circulations  on  the  Kutta  condition  of  each  airfoil. 

The  method  has  been  programmed  in  Fortran  IV  for  the  IBM  360  digital  computer  and  is  now  being  used  for 
the  analysis  and  design  of  complex  high  lift  configurations.  For  input,  the  program  requires  only  the  coordinates 
of  the  airfoil  contour  and  the  angle  of  attack.  With  additional  input  information,  it  can  also  transform,  translate 
and  rotate  the  coordinates  of  each  airfoil  to  achieve  the  desired  geometry  of  the  configuration.  The  program  output 
consists  of  tabulated  velocity  and  pressure  distributions,  forces  and  pitching  moment  and  two  graphical  representations, 
the  input  geometry  of  the  configuration  and  the  plotted  pressure  distribution. 

The  program  can  handle  problems  with  up  to  8  airfoils  and  500  coordinate  points.  T  ypical  examples  are  30  to 
70  coordinate  points  for  single  airfoils.  130  points  for  a  three-element  airfoil  and  200  points  for  a  five-element  airfoil. 
Compulation  time  ranges  from  less  than  one  minute  for  the  first  example  to  two  minutes  for  the  last  example,  anil 
increases  only  insignificantly  if  calculation  of  more  than  one  angle  of  attack  is  required. 

Figure  3  shows  a  comparison  of  the  present  method  with  exact  theory  for  a  13';  thick,  high  camber  mrloil. 
derived  by  Karman-Trefftz  transformation,  at  a  10°  angle  of  attack.  It  can  be  seen  that  the  pressure  distribution  and 
the  lift  coefficient  obtained  with  the  present  method  agree  very  well  with  the  exact  values. 

T  he  capability  of  the  computer  program  to  handle  up  to  8  airfoils  is  demonstrated  in  Figure  4  which  shows 
the  calculated  ground  effect  on  the  pressure  distribution  of  a  real  arbitrary  four-element  airfoil  configuration.  T  he 
first  element  consists  ol  a  truncated  NACA  4417  airfoil  with  a  Kruger  flap  leading  edge  device.  Hie  remaining 
elements  form  a  35',;  triple-slotted  flap  deflected  70  degrees.  The  dotted  line  shows  the  pressure  distribution  calcu¬ 
lated  for  this  airfoil  configuration  alone  at  zero  angle  of  attack.  The  pressure  distribution  for  the  same  airfoil  con¬ 
figuration  near  the  ground  was  calculated  by  using  for  input  an  8-body  system  consisting  of  the  four-element  airfoil 
and  its  reflection  in  the  ground  plane. 
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1  *:i>-  .'I  I  lit-  iil'ii\  live  ni  ilk'  (  .nuil.iir  high  Nil  research  was  lo  obtain  reliable  experimental  data.  represent;! 

’ i'  "I  H  'c  lun  ilmk  iiMon.il  I  low. .  lor  .m I oiK  with  various  leading  edge  devices  and  trailing  edge  slotted  flaps. 

I1.  .  lit  i  were  needed  lor  eoinp.irisnn  with  ealeutated  results  in  order  to  cheek  the  accuracy  of  the  lmilt i-elemcnt 
.  if,  sin  method  dess  ri bed  above  and  In  establish  its  ranee  of  applicability. 

Wind  i  n  n  ne  I  lest  me  of  limit  lilt  systems  presents  problems  that  are  caused  first  by  the  presence  of  high 
aeiodv  n.inik  loads  and  second  by  the  complexity  o|  the  model.  I  ante  pressure  gradients  created  by  the  airfoil 
in  ihe  lily'll  Nil  condition  cause  separation  ol  the  wall  boundary  layer.  I  his  separation  and  the  resulting  system 
"I  nailing  vortices  allcci  the  Iwo-dimension.ilily  ol  the  flow  around  the  airfoil  and  create  a  large  increase  in 
induced  drag,  thus  making  the  lest  data  douhtlul.  Additional  problems  are  introduced  when  a  large  span  high 
nil  model  is  used.  Slats  and  vanes  ol  such  models  being  very  thin  may  bend  easily  under  aerodynamic  forces, 
t  hi  is  distorting  the  geometry  ol  Ihe  gaps  and.  therefore,  the  flow  in  the  slots.  I  lie  alternative  is  to  provide  such 
elements  with  intermediate  supports  but  these  again  are  undesirable  because  they  obstruct  the  flow  in  the  slots. 

I  m. ills  large  span  models  which  may  consist  of  up  to  five  airfoil  elements  are  difficult  to  handle  and.  therefore . 
lime  lOiisiuning  when  many  configuration  changes  are  to  be  made  in  the  tunnel.  On  the  other  hand,  a  small 
span  model,  although  desirable  from  a  practical  point  of  view,  is  unfavourable  for  two-dimensional  high  lift  testing 
because  ol  Ihe  wall  flow  separation  problem.  By  using  a  blowing  technique,  il  is  possible  to  prevent  flow  separa¬ 
tion  I rom  the  wall  and  to  obtain  good  two-dimensional  data  by  using  a  small  span  model,  l  or  this  purpose  a 
wall  blowing  facility  (f  igures  5  and  (>)  was  designed  and  built  by  fanadair  for  testing  2-foot  chord  by  a  fool 
span  high  lift  models. 

Ihe  walls  are  provided  with  fixed  slots  ahead  of  the  model  and  rotatable  slots  arranged  vertically  lo  the 
upper  surface  of  the  airfoil.  Compressed  air  is  blown  through  the  slots  to  help  the  airflow  along  the  wall  into 
a  curved  path  parallel  lo  the  upper  surface  of  the  airfoil  and  prevent  il  .'rom  separating  from  the  wall.  With 
this  facility,  rapid  changes  of  slot  geometry  and  flap  angle  can  be  made  in  the  tunnel  so  that  the  effects  of  such 
changes  on  high  lift  performance  can  be  studied  in  an  efficient  manner. 

(  unaduir  has  conducted  extensive  wind  tunnel  testing  with  the  wall  blowing  facility  installed  in  the  test 
section  of  the  NAF  b-l'oot  by  ‘Moot  low  Speed  Wind  funnel  of  the  National  Research  Council  in  Ottawa. 

Iwenty  configurations  including  single,  double  and  triple  slotted  flaps  in  combination  with  leading  edge  slats, 
droop  noses  and  Kruger  flaps  were  tested  with  a  modified  NACA  44 1 S  and  fifty  five  similar  configurations  with 
a  NACA  MA21II. 

figures  1  amt  K  show  lyptc.il  data  obtained  from  these  tests  I  hey  are  balance  measurements  for  two 
eoniienr.il ions  with  a  triple  slotted  flap,  one  with  tile  cruise  leading  edge  4 slot  in  retracted  position!  and  the 
oilwt  with  extended  slat.  Ihe  data  with  no  blowing  shows  a  reduction  in  lift  slope  and  C(  m,|X  associated  with 
a  large  increase  m  drag  as  a  result  of  the  wall  boundary-layer  separation.  With  wall  blowing  on,  the  lift  slopes 
agree  well  with  those  ol  potential  flow  calculated  with  the  method  described  above.  Also  the  drag  polars  display 
true  two-dimensional  How  characteristics  as  they  remain  vertical  over  a  larger  range  of  <  ,  with  wall  blowing. 

4  COMPARISON  OF  CALCULATIONS  WITH  LXPER1MENT 

flic  capability  of  the  potential  flow  method  and  its  usefulness  as  a  design  tool  may  be  demonstrated  by 
comparing  the  calculated  pressure  distributions  with  experimental  data  obtained  during  the  wind  tunnel  tests. 

Figure  *>  shows  how  well  the  present  method  can  predict  the  real  flow  pressure  distribution  at  20"  flap 
deflection.  Notice  that  both  theory  and  experiment  show  that  the  changes  at  the  leading  edge  have  practically 
no  effect  on  the  pressure  distribution  from  40'''  chord  downstream. 

For  configurations  with  highly  deflected  flaps  and  slats  as  in  Figure  10,  the  experimental  data  shows  separa¬ 
tion  I  rom  the  upper  surface  of  the  rear  flap,  and  separation  and  rcattachmcnt  at  the  lower  surface  of  the  slat. 

In  ihe  regions  of  separated  flow,  the  calculated  pressure  distribution  does  not  agree  with  the  experimental  uata. 
\Im>  . m  ihe  upper  surface  of  the  slat  there  is  no  agreement  between  calculated  and  experimental  pressure  distri- 
hutionv  Between  the  slat  and  the  rear  flap  separation  point  (approximately  at  ’>()'>;  chord),  tli 1  experiment.il 
data  follows  the  potential  flow  pressure  distrihul ion  although  at  a  much  lower  value.  The  experimental  and 
potenli.il  flow  lift  coefficients  for  this  configuration  are  shown  in  Figure  X. 

It  is  difficult  to  explain  the  differences  between  the  experimental  and  potential  How  pressure  distributions  in 
I  iii’ii,'  ID  without  examining  also  the  results  at  various  other  angles  of  attack.  The  analysis  of  such  data  indicate 
that  lit  ic.ir  flap  flow  separation  causes  a  reduction  of  the  effective  angle  ol  attack  which  alleets  Ihe  pressure 
disi :il  in  •!!  mi  ihe  slat  and  the  main  section.  For  the  ease  of  Figure  10.  for  example,  the  experimental  pressure 
ili.ii'b,.:,  n  agrees  well  with  that  of  potential  flow  at  0"  angle  of  attack.  The  pressure  distribution  on  the  fore 
liip  i  i.l  ■  i  •  \ .me.  however,  is  not  atfeeted  directly  hv  the  rear  flap  flow  separation  and  the  associated  reduction 
in  .ii.-.ii.  .inele  of  .mack  Ihe  difference  between  experiment  and  theory  in  this  ease  may  be  due  to  the 
miei.i  non  oi  ihe  boundary  layers  of  the  tore  flap  and  vane  with  a  rather  thick  wake  from  Ihe  main  section. 


15-5 


5.  DESIGN  OF  A  LEADING  EDGE  DEVICE 

A  specific  attempt  to  demonstrate  the  usefulness  of  the  Canadair  potential  flow  program  as  a  design  tool  was 
successful  A  leading  edge  device  was  designed  which  is  superior  to  any  other  leading  edge  device  designed  by  con¬ 
ventional  methods  and  optimized  in  the  tunnel.  The  geometry  of  this  leading  edge  device  was  derived  by  using 
initially  a  conventional  design  of  a  2()'<'  Kruger  flap  in  conjunction  with  a  .155'? -chord  double  slotted  flap  deflected 
at  a  55“  angle.  The  velocity  and  pressure  distribution  for  this  configuration  were  computed  for  0".  5°,  10",  15". 

20“  and  25“  angle  of  attack.  The  results  were  then  examined  to  determine  the  change  of  peaks,  gradients  and 
overall  smoothness  of  distribution  with  angle  of  attack.  Using  an  iterative  procedure,  the  camber  and  leading  edge 
diameter  of  the  Kruger  flap  were  then  increased  methodically  in  order  to  lower  the  peaks  and  obtain  a  reasonably 
smooth  velocity  distribution  throughout  the  a-range  and  particularly  at  an  a  of  20".  'I  he  final  geometry  was  obtained 
after  eight  consecutive  computer  runs  resulting  in  a  configuration  with  a  higher  theoretical  lift  coefficient  than  the 
original  one.  This  Kiiiger  flap  was  tested  also  as  a  Kruger  slat  in  the  wind  tunnel  along  with  a  30"  droop  nose,  a 
conventional  slat  and  a  rotatable  nose  slat.  I  he  Liter  was  derived  by  rotating  the  nose  of  the  conventional  slat 
about  b0°  down  in  order  to  increase  the  camber,  both  the  conventional  and  the  rotatable  nose  slats  have  been 
developed  earlier  and  are  now  used  on  an  advanced  type  aircraft.  Figures  I  I  and  12  show  the  effect  of  the  various 
leading  edge  devices  on  the  lift  and  drag  of  a  NACA  P4A2I0  with  a  double  slotted  flap  deflected  at  37.5“  angle,  as 
measured  in  the  tunnel.  As  predicted,  the  Kruger  Hap  and  slat  designed  with  the  aid  of  the  potential  flow  method 
show  significantly  better  high  lift  performance  than  the  rotatahl.-  nose  slat  which  was  the  best  of  the  leading  edge- 
devices  developed  by  conventional  methods. 

Figure  13  shows  a  comparison  between  experimental  and  computed  potential  flow  pressure  distributions  for  a 
NACA  O4A2I0  with  the  Kruger  flap  described  above  and  a  triple  slotted  flap  deflected  40".  at  lb.3(i“  angle  of  attack. 
The  close  agreement  of  the  experimental  and  theoretical  pressure  distributions  at  such  a  high  angle  of  attack  and  lift 
coefficient  ( C't  =-  5.0)  indicates  an  efficient  leading  edge  and  trailing  edge  flap  design.  For  example,  the  lift  coefficient 
measured  in  tiie  tunnel  for  this  case  was  ‘MU  of  that  calculated  for  potential  flow,  as  compared  with  RIG  for  the 
case  of  Figure  10.  At  the  nose  of  the  Kruger  Hap.  the  disagreement  of  experimental  and  calculated  pressure  distribu¬ 
tions  indicates  local  ilow  separation  and  rcuttachmcnt.  i.e.  the  formation  of  a  bubble,  which  has  little  effect  on  the 
pressure  distribution  and  lift  coefficient  of  the  entire  configuration. 


6.  CONCLUSIONS 

Comparisons  of  calculations  with  experimental  results  show  that  potential  flow  agrees  well  with  real  How  over 
a  large  range  of  conditions.  Viscosity  does  not  significantly  affect  the  surface  pressure  distribution  except  in  the 
region  of  separation.  Local  Ilow  separation  and  reattachment  ha--  a  negligible  effect  on  the  pressure  distribution  of 
a  high  lift  configuration.  Flow  separation  from  the  rear  flap  of  a  mutti-element  airfoil  appears  to  cause  a  reduction 
of  the  effective  angle  of  attack  which  lowers  the  potential  (low  pressure  distribution  on  the  leading  edge  element  and 
the  main  section.  The  difference  between  experimental  and  theoretical  pressure  distributions  on  the  flap  elements 
upstream  from  the  separation  region  may  be  due  to  the  interaction  of  the  boundary  layers  of  these  elements  with  the 
wake  from  the  main  section.  Since  compressibility  effects  on  the  surface  pressure  distribution  are  negligible  for  flight 
Mach  numbers  below  0.3.  it  is  concluded  that  for  the  range  of  flow  conditions  which  is  of  interest  to  take  off  and 
landing,  potential  flow  is  a  useful  approximation.  The  vorticity  distribution  computer  method  described  here  is 
therefore  a  useful  means  for  the  analysis  and  optimization  of  high  lift  systems.  The  method  can  also  be  used  for 
the  design  of  high  lift  configurations  as  it  was  demonstrated  here  with  the  example  of  a  Kruger  llap  with  which  lift 
coefficients  in  excess  of  5.0  were  achieved  in  the  wind  tunnel. 

Wind  tunnel  testing  of  high  lift  systems  requires  boundary-layer  control  of  the  flow  along  the  walls  to  assure 
good  quality  experimental  data.  Experience  with  the  Canadair  llowing  wall  facility  shows  that  the  wall  blowing 
technique  is  an  essential  and  effective  means  for  two-dimensional  wind  tunnel  testing  of  multi-element  high  lift 
airfoil  models. 
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NOTATION 


I5-i. 

v  reference  or  chord  length 

C| ■  correction  factor  for  circulation 

(  j  .ill  coefficient 

<'  pressure  coefficient  =  tp  p()  )  (/a  *2 >Uf, 

K  v  influence  coefficient  'matrix  element);  influence  of  vortex  sheet  element  sy  on  tangential  velocity  at 

control  point  p 

\\jHl  influence  coefficient  (diagonal  matrix  element);  influence  of  vortex  element  s^  on  tangential  velocity 

at  control  point  ju 

M  number  of  vortex  sheet  elements  representing  the  airfoil  contour.  Number  of  control  points 

r  distance  between  two  points 

R  righthand  member  of  a  system  of  linear  equations 

s  distance  round  the  airfoil  surface 

s^.Sy  lengths  of  vortex  sheet  elements  with  midpoints  g  and  v 

free  stream  velocity 

v^  velocity  tangential  to  surface  at  control  point  g  (positive  direction  counterclockwise) 

v(a) 

m,)  tangential  velocity  distributions  obtained  from  three  basic  solutions:  (a)  parallel  to  x-axis.  no  circulation, 

vv  (b)  normal  to  x-axis,  no  circulation,  (c)  pure  circulation 

y(v ) 
l> 

total  tangential  velocity  distribution 
x,y  Cartesian  coordinates 

a  free  stream  angle  to  x-axis 

p  angle  between  x-axis  and  influencing  vortex  sheet  element  (s^) 

7(s)  vortex  strength  per  unit  length  of  perimeter 

■yv  vortex  strength  of  flat  vortex  sheet  element  s^ 

/i  angle  between  x-axis  and  surface  element  of  control  points  (s^) 

c  angle  between  the  two  limiting  radii  r,  and  r2  from  vortex  sheet  element  s^  to  control  point  ,c 

(big.:) 

It  subtending  angle  of  a  circular  arc  approximating  airfoil  curved  element  s^ 

angles  between  surface  coordinate  of  element  and  radii  r,  and  r2 
g.g  midpoints  of  elements  s^  and  s„ 

£  .  rj  surface  coordinates,  tangential  and  norma! 

p  fluid  density 

Subscripts 

-  free  stream 

i  first  point  on  airfoil  surface  starting  from  trailing  edge  counterclockwise 

-  second  point  on  airfoil  surface  counterclockwise 
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l  ig.2  Velocities  induced  ;il  control 


point  hy  vortex  shed  element 
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Theoretical  and  experimental  pressure  distributions  on  NACA  4417  with  deflected  slat  and  triple  slotted  flap 
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